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Biomembranes are characterized by a great heterogeneity in their composition, in terms of 
both lipids and proteins, and by a unique lateral organization that leads to the generation of 
compartmentalized regions. These regions have been in focus in membrane biophysics and their 
formation, function and properties are currently hot topics in membrane studies. To answer these 
fundamental questions is crucial so that in a as short as possible time-window, we will be able to 
use and manipulate such regions to our benefit, finding feasible applications in disease therapy and 
diagnostic.  
This dissertation aims to provide effective contributions for the following questions: 
- How do lipid structure and composition determine membrane lateral organization? 
- How can lipid composition and/or membrane lateral organization modulate membrane 
function, in particular its interaction with other molecules? 
- How to take advantage of gold as a substrate for the application of supported lipid 
bilayers in the study of membrane-related phenomena using optical and electrochemical 
techniques? 
To that end, the attainment of more specific goals is required. 
- Can bulk techniques be conjugated with atomic force microscopy images in order to 
unravel complex phase diagrams for biologically relevant lipid mixtures? 
- Is it atomic force microscopy a suitable technique to follow the effects promoted by 
small molecules in lipid membranes? 
- Is it possible to observe nanoscale heterogeneities in gold-supported lipid bilayers? 
- How to quantify changes in lipid nanodomains and their properties using high resolution 
label-free techniques? 
- How to establish if a supported lipid bilayer has the required properties, such as 
planarity, continuity, compactness and stability? 
- How sensitive can be the detection of electroactive molecules adsorbed onto SLB 
prepared on gold substrates? 
- How to relate the information retrieved from cyclic voltammetry with the one from 
fluorescence spectroscopy for the characterization of the interaction of electroactive 
molecules with lipid membranes? 
Membrane interactions in supported lipid bilayers with nano/microdomains 
 
iv 
These are the goals that hopefully were achieved through the execution of the doctoral work that 
is the subject of this book. 
The work presented in this thesis, which is included in the field of Biochemistry – Molecular 
Biophysics, was developed as a strict collaboration between the Molecular Biophysics and 
Interfacial Electrochemistry groups. The expertise from each group allowed to apply an unusual 
approach in the characterization of the lipid systems studied throughout this thesis by the use of a 
wide collection of techniques. All experimental results shown were obtained at Centro de Química 
e Bioquímica from Faculdade de Ciências da Universidade de Lisboa. Most of the data obtained 
during this thesis has already been published or is under consideration in peer view scientific 
journals, hence the main text of this thesis comprises the compilation of those published works. 
 In chapter I the general properties and lateral organization of lipid membranes (first 
subsection, which corresponds to a book chapter in the series Advances in Planar Lipid Bilayers 
and Liposomes, Vol. 22) as well as the formation of supported lipid bilayers in gold substrates 
(second subsection, review article in Electrochimica Acta) are discussed. In chapter II the working 
principles of the techniques used throughout this work along with their major applications in the 
context of lipid membrane domains is briefly described. Chapters III through VI describe the main 
results obtained during this thesis. In chapter III (under consideration in Langmuir) the phase 
behavior of the pseudo-binary lipid system N-stearoyl-phytoceramide and 
palmitoyloleoylphosphatidylcholine in its full hydration regime is thoroughly characterized and a 
phase diagram for this system proposed. Chapter IV (published in BBA-Biomembranes) describes 
the interplay between the effects of ethanol on lipid bilayers with their composition (from single-
component to three-component) and phase behavior. Chapter V (published in Soft Matter) 
discusses the formation of multicomponent phase-coexistence lipid bilayers directly on bare gold, 
whereas chapter VI (published in Langmuir) describes the formation of supported lipid bilayers on 
modified gold surfaces and also the interaction of  a biological relevant compound,  epinephrine, 
with lipid membranes, whether liposomes or supported, in this case using the newly developed 
platform. 
 In the final section of this thesis the overall conclusions of this work are presented. There, 
it is intended to highlight the common threads along the work presented throughout this thesis, and 





considered as important marks within the topics of the thesis t. Finally, to conclude this manuscript 
future directions are suggested. 
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As membranas biológicas apresentam na sua composição, além de proteínas, um vasto 
número de espécies lipídicas e, por conseguinte, são estruturas bastante complexas. Atualmente, o 
estudo da sua organização lateral em domínios assim como as suas propriedades e funções a elas 
associadas são um dos campos de investigação mais ativos em biofísica. A forma como a 
composição ou organização lateral da membrana podem influenciar a interação de pequenas 
moléculas com esta é, igualmente, outro dos focos da investigação em biomembranas. O trabalho 
descrito ao longo desta dissertação teve como principais objetivos a caracterização, por diversas 
técnicas, de diversos sistemas modelo de membranas biológicas, ora lipossomas ora bicamadas 
lipídicas suportadas (SLB) de variadas composições e, consequentemente, com comportamento de 
fases distinto; o desenvolvimento de uma plataforma de deteção de espécies electroativas 
adsorvidas ou incorporadas em SLB usando ouro como substrato sólido para a deposição da 
bicamada; o estudo da interação de pequenas moléculas, como o caso do etanol e da epinefrina, 
uma molécula electroativa, com bicamadas lipídicas exibindo um comportamento de fases bastante 
variado – fluido, gel, coexistência gel/fluido e coexistência líquido ordenado (lo) / líquido 
desordenado (ld), que mimetiza os domínios lipídicos conhecidos como jangadas lipídicas. 
Neste trabalho estudou-se o comportamento de fases da mistura binária 1-palmitoil-2-
oleoil-sn-glicero-3-fosfocolina (POPC) / N-octadecanoil(2S,3S,4R)-2-amino-1,3,4-octadecanetriol 
(Fitoceramida (PhyCer)). O POPC é um dos fosfolípidos mais abundante nas membranas celulares 
de organismos eucariotas enquanto a PhyCer é a principal ceramida, esqueleto dos esfingolípidos 
complexos, em importantes grupos taxonómicos como plantas e fungos. Através da informação 
recolhida a partir de diversas técnicas propõe-se o diagrama de fases para esta mistura. Neste estudo 
recorreu-se tanto a bicamadas lipídicas em suspensão (lipossomas) como a SLB. Usou-se a 
espectroscopia de fluorescência com recurso a sondas fluorescentes de membrana como o ácido 
trans-parinárico (tPnA) e o 1,6-difenil-1,3,5-hexatrieno (DPH), as quais são extremamente 
sensíveis ao ambiente em seu redor e através de cujas propriedades biofísicas é possível inferir 
acerca da composição da membrana em termos de domínios. Enquanto o tPnA se distribui 
preferencialmente nas fases mais rígidas, em particular o gel, o DPH é uma sonda que se distribui 
equitativamente ao longo de toda a membrana e, portanto, reporta a ordem global desta. Recorreu-
se, igualmente, à análise por microscopia de força atómica (AFM), a qual devido à sua extrema 
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resolução lateral (na ordem dos nm) e vertical (na ordem dos Å) permite distinguir detalhes, como 
diferenças de alturas entre diferentes domínios de membrana, na topografia de SLB. A 
espectroscopia de difração de raio-X também foi usada na medida em fornece informação 
relacionada com o empacotamento lateral dos lípidos numa bicamada. Os resultados obtidos 
mostram que o comportamento de fases desta mistura difere daquele já publicado para outras 
ceramidas quando também misturadas com POPC. O diagrama de fases proposto prevê a existência 
de diferentes regiões de coexistência de fases, e, principalmente, antecipa a existência de 
complexos POPC:PhyCer para determinadas proporções destes lípidos. As estequiometrias são 
conforme se segue: POPC 3 : 1 PhyCer e POPC 1 : 2 PhyCer. Estes complexos são vistos como 
entidades moleculares com características próprias e apresentam propriedades biofísicas muito 
semelhantes àquelas já descritas para os domínios gel identificados in vivo em levedura 
Saccharomyces cerevisiae. 
No decurso desta tese investigou-se a forma como a organização lateral da membrana pode 
modular a interação de pequenas moléculas com esta. Estudaram-se os casos do etanol, da 
quercetina e da epinefrina. Os efeitos do etanol foram analisados para SLB formadas em silício e 
mica, que é um substrato atomicamente liso e carregado negativamente a pH neutro e, portanto, 
adequado à deposição de lípidos. Neste estudo usaram-se os lípidos 1,2-dipalmitoil-sn-glicero-3-
fosfocolina (DPPC), 1,2-dioleoil-sn-glicero-3- fosfocolina (DOPC), N-palmitoil-D-eritro-
esfingosilfosforilcolina (PSM) e colesterol (Chol). Foram, igualmente, estudadas bicamadas 
exibindo diferentes comportamentos de fase: apenas fluido (DOPC), apenas gel (DPPC e 
DPPC:Chol 98:2), coexistência gel/fluido (DPPC:DOPC 1:1 e 92:8) e, finalmente, coexistência 
lo/ld (DPPC:DOPC:Chol 2:2:1 e PSM:DOPC:Chol 2:2:1). Os efeitos do etanol sobre as diferentes 
bicamadas foram seguidos em tempo real por AFM. Para todos os sistemas estudados observou-se 
o adelgaçamento da bicamada seguido de expansão em consequência da interação com o etanol. 
Relativamente aos sistemas com separação de fases, enquanto para o sistema gel/fluido, a baixas 
concentrações de etanol, o adelgaçamento verifica-se apenas para a fase fluida, para os sistemas 
lo/ld o adelgaçamento ocorre em simultâneo nas duas fases. Contudo, em ambas as situações apenas 
se observa a expansão da fase mais fluida, o que leva a um aumento da fração de domínios 
desordenados cujas principais causas serão uma variação na tensão superficial na interface 
água/lípido e diminuição do ponto de fusão que, em conjunto, levarão a um aumento da desordem 





referir ainda que o uso de duas misturas ternárias permitiu perceber se os efeitos induzidos pelo 
etanol seriam dependentes da composição lipídicas ou, por outro lado, do tipo de domínios 
presentes. Tendo em conta que as alterações observadas foram idênticas para ambos os sistemas 
ternários DPPC:DOPC:Chol 2:2:1 e PSM:DOPC:Chol 2:2:1 concluiu-se que o tipo de fase 
influencia mais os efeitos provocados pelo etanol que o tipo de lípido presente na composição das 
bicamadas. 
Um dos trabalhos fulcrais no decorrer desta tese foi o desenvolvimento de SLB em 
superfícies de ouro. Como até à data da realização dos estudos descritos nesta tese eram escassos 
os trabalhos encontrados na literatura a descrever a formação de bicamadas em ouro com separação 
de fases ou mais do que um componente, pretendeu-se investigar quais as condições experimentais 
que favorecem a formação de SLB compostas por 3 lípidos distintos e com separação de fases lo/ld. 
O ouro é um substrato metálico condutor e com propriedades que permitem a aplicação de inúmeras 
técnicas de superfície de elevada sensibilidade. No entanto, tem sido descrito que a hidrofobicidade 
deste metal é representa um grande constrangimento à formação de SLB nesta superfície. 
Bicamadas planas e contínuas com jangadas lipídicas, diferindo em espessura da membrana 
circundante em cerca de 1,5 nm, conforme comprovado por AFM, foram depositadas diretamente 
em ouro nu através da fusão de vesículas unilamelares pequenas ou grandes e na ausência total de 
qualquer sal. De facto, observou-se que a presença de NaCl promove a formação de túbulos ao 
invés de uma bicamada plana, conforme revelado pelas imagens obtidas AFM e as espessuras dos 
filmes lipídicos estimadas por elipsometria. As SLB preparadas diretamente em ouro são estáveis 
numa larga gama de potenciais o que torna o seu uso adequado ao estudo da interação da epinefrina 
com membranas lipídicas. No entanto, ficou também provada a influência do substrato metálico 
nas características da bicamada uma vez que foi obtida uma proporção domínios 
ordenados/domínios desordenados diferente da prevista pelo diagrama de fases para essa mistura 
obtido em suspensões de lipossomas e, por outro lado, observam-se corrugações na fase mais 
desordenada que são consequência do ambiente assimétrico dos dois lados da bicamada. Enquanto 
as cabeças dos fosfolípidos do folheto virado para a superfície de ouro encontram-se num ambiente 
praticamente desprovido de água, o mesmo não se verifica relativamente ao folheto do topo da 
bicamada. Adicionalmente, os domínios identificados por AFM apresentavam formas muito 
angulares e, portanto, diferentes das já descritas para lipossomas em suspensão. Este aspeto deve-
se ao facto de o filme lipídico seguir a topologia do ouro que é caracterizada por terraços 
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monoatómicos. Para ultrapassar estas limitações, inclusivamente o elevado grau de hidrofobicidade 
do ouro que dificulta a formação de SLB contínuas, modificou-se a superfície previamente à 
formação da SLB. Esta modificação foi feita com uma monocamada automontada de L-cisteína, a 
qual apresenta um grupo tiol que estabelece uma ligação muito forte ao ouro e por outro lado torna 
a superfície deste metal mais hidrofíla e, portanto, mais propícia à adsorção de lípidos. 
Adicionalmente, pelo facto da monocamada de cisteína ser curta e pouco compacta não impede 
trocas eletrónicas entre o substrato metálico e espécies electroativas, tornando-se, desta forma, uma 
modificação adequada aos objetivos pretendidos. Dados de AFM, elipsometria e voltametria cíclica 
mostram que as SLB formadas sobre ouro modificado com cisteína são contínuas, compactas e 
estáveis. 
Outra molécula cuja interação com a membrana foi também avaliada é a epinefrina. A 
epinefrina apresenta duas propriedades, fluorescência e eletroatividade, que permitem o uso de um 
leque de técnicas mais vasto na caracterização da sua interação com a membrana, incluindo a 
espectroscopia de fluorescência e técnicas eletroquímicas. A avaliação da interação da epinefrina 
foi, então, concretizada tanto por intermédio de espectroscopia de fluorescência usando 
lipossomas, como através do uso da plataforma acima descrita com recurso a voltametria cíclica. 
De referir ainda que uma grande variedade de sistemas lipídicos foram empregues conforme se 
descreve: fluido (DOPC), gel (DPPC), gel/fluido (DPPC:DOPC 1:1), lo/ld (DPPC:DOPC:Chol 
2:2:1 e DPPC:DOPC:Chol 2:2:1 com 10 % de gangliósido GM1) e lo (DPPC:DOPC:Chol 11:1:8). 
Fazendo uso da fluorescência intrínseca da epinefrina concluiu-se que esta interage fracamente 
com membranas lipídicas. No entanto, apesar desta interação ser fraca, a epinefrina foi claramente 
detetada por voltametria cíclica quando adsorvida em SLB formadas sobre ouro modificado com 
cisteína. Foi, ainda, possível aferir que na bicamada fluida ficou adsorvida uma maior quantidade 
de epinefrina. É de realçar que os dados provenientes de voltametria cíclica permitiram estimar um 
coeficiente de partição membrana/água (de cerca de 1.13×104 para a membrana em fase fluida) 
para a epinefrina. Finalmente, uma das principais observações deste estudo é a capacidade das 
diferentes bicamadas preparadas, independentemente da sua composição ou comportamento de 
fases, estabilizarem a epinefrina do ponto de vista estrutural, impedindo a sua oxidação, a qual 
ocorre espontaneamente a pH neutro em soluções aquosas. 
Este trabalho mostra como a combinação de várias técnicas experimentais pode ser 





desta tese são descritas múltiplas evidências que demonstram, não só como a composição da 
membrana influencia as suas propriedades biofísicas, mas também a capacidade que a organização 
lateral da membrana tem de influenciar os mecanismos de interação de pequenas moléculas com 
esta. 
A plataforma desenvolvida no decurso desta tese abre perspetivas não só na condução de 
estudos que visam investigar as propriedades gerais das membranas mas também como também 
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The lateral organization of lipid bilayers into domains, such as lipid rafts or gel domains, 
and how they influence the properties and function of membranes is a current topic in biophysics. 
In this work, the properties of single and multicomponent lipid bilayers (whether supported on a 
solid substrate or free in solution as liposomes) exhibiting different phase behavior were studied by 
a wide range of characterization techniques – atomic force microscopy, ellipsometry, cyclic 
voltammetry, quartz crystal microbalance, surface plasmon resonance and fluorescence 
spectroscopy. 
The phase diagram for the binary mixture 1-palmitoyl-2-oleoyl-sn-glycero-3-
phosphocholine (POPC) / N-octadecanoyl(2S,3S,4R)-2-amino-1,3,4-octadecanetriol 
(Phytoceramide (PhyCer)) is proposed by combining data from different techniques. The formation 
of complexes between POPC and PhyCer with properties similar to those found for gel domains in 
vivo is anticipated. These POPC/PhyCer complexes occur at two distinct stoichiometries, 3:1 and 
1:2. 
The influence of membrane lateral organization was investigated in the context of the 
interaction of small molecules with lipid bilayers, namely ethanol and epinephrine. The effects of 
ethanol were studied in supported lipid bilayers (SLB) formed on mica spanning a phase behavior 
from single fluid to liquid ordered (lo) / liquid disordered (ld) phase coexistence. It was concluded 
that the lateral organization of lipids into domains, but not the specific lipid composition, plays a 
determinant role on the effects induced by ethanol. 
Another purpose of this work was to study the properties of supported lipid bilayers (SLB) 
formed on gold surfaces. For the first time raft-containing SLB were formed directly on bare gold 
and the substrate seems to influence the properties of the lipid bilayer since an unexpected 
proportion of lipid domains was obtained and corrugations were observed in the liquid disordered 
phase. A lipid-based biosensing interface consisting on a SLB formed on top of a L-cysteine-
modified gold was also developed for the detection of membrane-interacting electroactive 
molecules.The interaction of epinephrine, an electroactive molecule, was evaluated using both 
liposomes and SLB formed on Lcysteine-modified gold. Despite the weak interaction between 
epinephrine and liposomes as determined by fluorescence spectroscopy, its redox signal could be 
clearly detected by cyclic voltammetry when adsorbed on SLB of various compositions. Moreover, 
voltammetric data allowed to estimate a membrane/water partition coefficient for epinephrine. The 
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results presented show how lateral membrane organization and composition may influence its 
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1.1. Biomembrane organization and function: the decisive role of ordered lipid domains  
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1.2. Lipid bilayers supported on bare and modified gold – Formation, characterization 
and relevance of lipid rafts   
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In this chapter, the principles of the main characterization techniques used throughout this 
work will be briefly described. The surface characterization (AFM, ellipsometry, QCM and SPR) 
and electrochemical (cyclic voltammetry) techniques will be mentioned first,  followed by a general 
overview of fluorescence spectroscopy, as a tool to assess the biophysical properties of free 
standing lipid bilayers (liposomes) and interaction of bioactive molecules with those liposomes. 
Both surface and electrochemical techniques were employed in the characterization of SLB, the 
solid substrates (mica, silicon and bare and modified gold) used for the preparation of those SLB 
and in the study of the interaction of small molecules with lipid membranes. Since there is a great 
complementarity regarding the techniques employed throughout this thesis, their combined use 
allows for a comprehensive characterization of the systems under investigation. For example, for 
SLB prepared on gold, electrochemical, optical and scanning probe techniques can be employed in 
their characterization and, thus, it is possible to conclude about the thickness, compactness, stability 
and continuity of SLB as well as assess the presence of lipid domains. 
 
2.1. Atomic Force Microscopy 
 
AFM is an exceptional technique for obtaining morphological information on any type of 
surface, providing it is sufficiently rigid, and also structural details for very flat materials, with 
lateral resolution in the nanometer scale and a vertical resolution in the Ånsgström range. The 
sample can be probed whether exposed to air or immersed into a liquid and under different 
conditions, such as at different temperatures. In this work AFM was used, at a first instance, to 
gather information concerning the organization and morphological arrangement of SLB and lipid 
films formed on different solid substrates, namely mica, silicon and gold. During this thesis, AFM 
was also employed to follow the effects that small molecules promote in the organization of lipid 
bilayers displaying a wide range of compositions and consequently exhibiting distinct phase 
behavior. AFM can have indeed a broad spectrum of biological applications, spanning from the 
study of DNA and lipid bilayers to cells, as it will be discussed ahead under section 2.1.3. 
This scanning probe microscopy can analyze areas that may go from less than 1 nm2 up to 
10000 μm2 or higher. Additionally, samples with distinct degrees of roughness can be analyzed 
since the vertical scale may range up to 8 to 10 μm. This technique is also suitable to investigate 
attractive and repulsive, short- and long-range atomic and molecular forces in the order of 10-12 
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Newton. Since its operational principle is the variation of forces established between the surface 
and an interacting probe, it is not required that analyzed samples are electrically conductive, and 
therefore there is no need for metallic coating or even the use of dyes or other contrast agent in 
opposition to other microscopic techniques. In addition, AFM is non-destructive allowing the same 
sample to be imaged over time, before and after different treatments, and enables the sample to be 
reused e.g., for characterization with other techniques.1-3 In fact, during this thesis, the same sample 
prepared on gold substrate was, frequently, analyzed by AFM, ellipsometry and cyclic 
voltammetry. 
Figure 1 shows a schematic representation of one of the main components of an atomic 
force microscope. Its operation is based on scanning and probing a sample by an extremely sharp 
tip that is mounted at the end of a cantilever. As the tip interacts with the surface, the cantilever 
undergoes a vertical deflection (up or down) acting as a spring sensitive to slight variations in force. 
The most common approach to measure these variations is the use of a laser beam focused on the 
cantilever end, which is reflected into a position sensitive photodetector. Consequently, 
topographic variations in the sample will induce alterations in the cantilever angle, which, in turn, 
generates different voltages in the detector. These voltages are recorded and sent to a computer for 
processing and formation of the topographic image. 
 
Figure 1 – Schematic representation of operation of an atomic force microscope. The sample is 
moved by a piezoelectric scanner. As the sample is scanned, the movement of the tip is detected by 
the photodiode through a laser beam reflected from the back of the cantilever. Adapted from ref.1 
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2.1.1. Modes of operation 
This section will focus on the modes of operation related to the acquisition of topographic 
images. According to the purpose of an experiment and considering the general properties of a 
sample three main modes of operation can be employed. In Figure 2 the relation between the forces 




In this mode of operation, which can be also designated by constant force mode, the forces 
ruling the tip-sample interaction are the interatomic repulsive ones. The tip is kept in contact with 
the surface of the sample and the cantilever deflection is held constant during the scanning through 
a feedback loop. The feedback acts in order to maintain the tip-sample separation constant along 
the scan independently on the topographic features of the sample. In this sense, a topographic image 
is formed and image contrast depends on the applied force, which in turn, depends on the spring 
force of the cantilever. The major advantage of this mode is its high resolution even for samples 
with large variations in height. However, because the tip is kept in close contact with the sample 
large lateral forces are generated, which can damage soft biological samples or polymer networks. 
In order to minimize the influence of the tip on the sample surface, this mode can be performed in 
liquids allowing for a significant reduction of the capillary forces generated between the tip and 
the sample during the scanning.1-3 
Figure 2 – Expected behavior of the idealized forces between tip and sample according to their separation. 
The separation range at which each mode of operation works is also highlighted. Adapted from ref2. 
 




In this mode of operation the forces governing the tip-sample interaction are the attractive 
van der Walls or long-range forces. Concretely, a cantilever oscillating at a frequency close to its 
resonance frequency is brought into proximity of the sample surface without touching it. As a 
consequence of the interaction a frequency shift in the oscillation of the cantilever is induced. 
Through a feedback loop this oscillation is kept at a fixed frequency or amplitude and a topographic 
map of the sample surface is generated. Though a good vertical resolution can be obtained, its 
lateral resolution is not as good as the one attained with other scanning modes since the tip-sample 
interaction is not very strong in this mode. Consequently, the sample suffers no damage by virtue 
of the complete absence of any contact between the tip and the samples. The fact that this mode 
cannot be performed in liquids constitutes its main drawback. The presence of a single layer of 
water might be sufficient to trap the tip onto the surface of (supposedly) dried samples since the 
low oscillating amplitude does not drive the required energy to promote the detachment of the tip.1-
3 
Tapping Mode 
This is perhaps the most employed mode, especially for the analysis of soft surfaces as in 
the case of biological samples. In this mode, also designated as intermittent contact mode, the 
forces in play are both attractive and repulsive depending on the tip-sample separation (Figure 2). 
An oscillating cantilever is brought into close contact with the sample which causes a dampening 
of the oscillation amplitude. Similarly to other modes, a feedback loop is used. It maintains the 
oscillation amplitude at a fixed value by either lifting or lowering the sample (or the tip, depending 
on the equipment used). In contact mode, the axial and lateral resolutions are better than for the 
non-contact, and relatively to the contact mode, the tapping involves minimal tip-sample 
interaction, which leads to a great reduction of the lateral forces that may damage soft samples.1-3 
In the oscillating modes besides topography further information can be retrieved. In the 
case of tapping mode by comparing the applied oscillation and the actual one, a phase signal is 
generated, which is intimately related to the local mechanical and chemical properties of the 
sample. In that sense, regions of the sample with the same height, although displaying distinct 
chemical properties will interact differently with the tip and thus generate unique phase signals 
allowing for their differentiation.1-3 
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This mode of operation in solution was the one used throughout this work. Although it is 
common to find in the literature concerning the analysis of SLB results obtained in the contact 
mode, in the present thesis, tapping mode was used. This was done to ensure that the information 
contained in the topographic image had minimal influence of the tip in the sample. In this way, 
lateral forces were greatly reduce and thus any damage promoted by imaging in contact could be 
avoided, which enabled a clear observation of membrane domains, e.g. lipid rafts, which could not 
be detected in this work with a similar resolution using contact mode. This can be especially 
relevant in the case of studying the effect of small molecules on lipid bilayers where a change in 
the shape and thickness of lipid domains occurs over time. Also, for the characterization of lipid 
tubular structures which can be highly deformable when compared to a planar lipid bilayer, tapping 




The atomic force microscope is comprised by innumerous components. The key 
components of an atomic force microscopic are described next. 
 
Tip and Cantilever 
As mentioned above the tip is mounted at the end of a cantilever and is one of the crucial 
components of the microscope since it is the element that interacts with the sample generating the 
topographical images. Usually, the assembly tip/cantilever is fabricated in silicon, silicon nitride 
or diamond. The most important parameters that define a good tip are the sharpness of its apex, 
measured by the radius of curvature, and the ratio between the height of the tip and the width of its 
base. Generally, the sharper the tip the most detailed (highest resolution) will be the final AFM 
image.1-3 
Cantilevers are constructed with two distinct geometries, rectangular and triangular, which, 
essentially, respond differently to torsional/lateral forces that can affect the resolution of 
topographic images. The most important characteristic of a cantilever are its dimension, resonance 
frequency and spring constant, which is a measure of the cantilever flexibility. Shorter cantilevers 
allow for a greater resolution. The resonance frequency should be high in order to avoid 
interferences from the inherent vibrations of the building and the acoustical noise. Soft cantilevers 
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(with low spring constant) and of low resonance frequency are suitable for the analysis of samples 
immersed in a liquid both in contact and resonance mode, whereas stiff cantilevers (higher spring 
constant) with high resonance frequency are indicated for the study of samples in resonance mode 
in air.1-3 In the present work soft triangular cantilevers (Figure 3a) were employed since lipid 
bilayers are a soft and compressible biological sample. Moreover, in order to confer a more 
biomimetic environment the samples were imaged in buffer solutions at physiological pH. 
 
Figure 3 – Triangular cantilevers used throughout this thesis for imaging in liquids with a detail of the tip 
(a) and the liquid cell used for experiments carried out with the sample immerse in buffer (b). In (a) tip 
height may go from 2.5 μm to 8.0 μm, whereas its radius is close to 2 nm. 
 
Piezoelectric Scanner 
The AFM scanner is made of piezoelectric materials which are characterized by a singular 
property. They undergo an alteration of their dimensions upon the application of an electric field. 
Considering that the applied voltages are strictly controlled, extremely exact movements in x, y 
and z directions can be made. Instruments may display one of two configurations; either the sample 
is mounted directly on top of the scanner or the assembly tip-cantilever is mounted on the scanner, 
above the sample that, in this case, is fixed. The first condition allows for a higher scanning rate 
and the visualization of larger areas, whereas the latter permits the use of samples with larger 
dimensions.1-3 The first configuration is the one used thourghout this thesis. Although this design 
imposes a restriction in sample size it was not a limiting factor for the AFM analysis carried out. 
However, this configuration demands extra caution when working in liquids in order to avoid the 









As mentioned above the method of detection is based on the reflection of a laser beam from 
the top of the cantilever into a position sensitive photodetector. This photodetector consists of two 
(or four) photodiodes side by side. With this configuration any minimal deflection of the cantilever 
will promote a variation in the angle of the reflected laser and consequently the spot at which the 
laser hits the detector. Thus, the difference between the signals coming from the two (or four) 
photodiodes will indicate the position of the laser on the detector and therefore the angular 
deflection of the cantilever. Since the distance between the cantilever and the detector is three 
orders of magnitude higher than the length of the cantilever, this method of detection enables to 
significantly magnify the movements of the tip with great sensitivity. The configuration of the 
atomic force microscope allows detecting with high accuracy the movements of the cantilever and 
thus providing a detailed topographic image of the surface.1-3  
All AFM experiments described and presented throughout this work were performed with 
the sample immersed in liquid and at room temperature using a liquid cell (Figure 3b). A 
Multimode Nanoscope IIIa (Digital Instruments, Veeco) was used. Topographic images were 
obtained in tapping mode and keeping the force exerted on the sample as low as possible by 
continuously adjusting the “set point” parameter. Scan rate was close to 1.9 Hz. Before each 
experiment the glass support where the cantilever is mounted was washed several times with water 
and ethanol. The cantilevers used were fabricated in silicon nitride with a resonance frequency 
close to 9 kHz in liquid. 
 
2.1.3. Biological Applications 
 
AFM imaging can be used to study a great diversity of biologically-related mechanisms. 
One of the biological applications of AFM is in the study of nucleic acids, where it can be used to 
evaluate the structural damage in chromosomes upon exposure to radiation4,5, to study the 
conformation of the double helix6, to measure the mechanical properties of DNA and its 
modulation by additions of small molecules7-8. The study of protein-protein or protein-membrane 
interactions at the molecular level has also benefited from the use of AFM9-11. For example it has 
been possible to study the dependence of amyloid fibril formation with lipid composition, charge 
and phase as well as the aggregation of amyloid-beta peptide in various lipid systems12,13 or even 
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the inibhition of islet amyloid polypeptide fibril formation by compounds with therapeutic 
potential14. Recently, with the introduction of high-speed AFM a new field of applications emerges 
and it has been possible, for example, to follow the motion of membrane protein assemblies in 
SLB15. The imaging of living cells has also been reported16,17 with real time visualization of 
supramolecular assemblies of proteins in the surface of cell membrane of living cells18-21 (Figure 
4). AFM can also find application in following cellular processes such as endocytosis22. A 
consequent derivation of using AFM in the inspection of living cells is the use of functionalized 
tips in order to chemically map the surface of the membrane and in this way determine the precise 
location of target proteins23. 
The first reports concerning the study of SLB by AFM date from more than 20 years ago24. 
Due to its unique vertical resolution, the heterogeneity of supported lipid bilayers can be probed 
with extremely high spatial resolution and because of that it has been widely used in the 
characterization of membrane domains, namely lipid rafts. Concretely, the presence of such lipid 
domains differing in height, from the surrounding bilayer, by ~1 nm can be clearly depicted with 
this technique25,26 (as showns in chapters III, IV and V). The remarkable resolution of AFM has 
also helped in the characterization of corrugated lipid bilayers formed on gold substrates27 (see also 
chapter V). Furthermore, it is possible to follow, in real time, the changes induced by small 
molecules, such as anesthetics, in the structure of the lipid bilayer28,29 (discussed in chapter IV). 
 
Figure 4 – Example of supramolecular structures observed by AFM. Here, the structure of photosynthetic 
complexes of Rhodospirillum photometricum is illustrated. Adapted from reference 19 
 
Recently, super-resolution optical techniques have witnessed an unprecedented growth30. 
Still, AFM emerges as one of the main techniques regarding the characterization of lipid bilayers. 
Due to its versatility it can gather a considerable amount of information concerning different 
properties of the lipid bilayers. It is possible to assess the topography of the lipid films and thus not 
Atomic Force Microscopy 
 
61 
only quantitatively evaluate the phase behavior of the lipid system under study but also to 
determine the thickness of each lipid phase. Furthermore, AFM enables to study the mechanical 
properties of lipid bilayers. As mentioned above, in this work, AFM was employed to assess the 
topography (nano/mirco-domains, thickness changes) and evaluate the quality and organization 
(phase area fractions, domains size, shape) of multicomponent biomimetic lipid films formed on 
diverse solid substrates (mica, silicon, gold), whether modified or not in the case of gold electrodes. 
Moreover, AFM phase data has also been used to more easily assign gel and fluid phases as a 
consequence of their distinct mechanical properties, as shown in chapter IV. 






As shall be detailed in chapters V and VI, ellipsometry is an optical technique that can be 
used for estimating the thickness of a thin film, by determining the change in the optical properties 
of the surface before and after film formation. Its combination with AFM allows to effectively 
evaluate the quality of the lipid bilayers prepared. Ellipsometric measurements rely on the 
incidence of a polarized light beam on a surface and on its re-polarization after reflection. 
When light is traveling in one environment (air or solution) and encounters a new one 
(substrate) part will be reflected and part will be refracted31-33 (Figure 5a). The interaction of light 
with this new medium can be described by the complex index of refraction Ñ, as follows: 
 
?̃? = 𝑛 − 𝑖𝑘 eq.1 
 
where n is the index of refraction and k is the extinction coefficient and i denotes the imaginary 
number. The extinction coefficient is related to the absorption coefficient () through the following 
expression: 





where  is the wavelength of the incident light beam. If the new medium is transparent to the 








Figure 5 – Schematic representation of (a) specular reflection for a two phase model (air (or solution)-
substrate), (b) modification of the amplitude and phase parameters in the parallel and perpendicular 
directions of an incident linearly polarized beam upon reflection from a surface, and (c) propagation of an 
incident beam through a three-component system (air (or solution)-film-substrate).  
 
The portion of light that enters the new medium at an angle 1 does not propagate in the 
same direction. Instead, it is refracted to a different angle, 3. 1 and 3 are related by the “Snell’s 
law” as follows: 
 
?̃?1 sin 𝜙1 =  ?̃?3 sin 𝜙3 eq.3 
 
For dielectric materials eq.3 becomes: 
 
𝑛1 sin 𝜙1 =  𝑛3 sin 𝜙3 eq.4 
 
As mentioned above, in ellipsometry a linearly (or elliptically) polarized light beam hits a surface 
and its re-polarization state after reflection is analysed. Upon reflection a change of both phase and 
amplitude of the polarization components of light in directions p (parallel) and s (perpendicular) to 
the plane of incidence occurs (Figure 5b). The ellipsometric amplitude and phase parameters 
designated by Ψ and Δ, respectively, are defined in the fundamental equation of ellipsometry: 
 





where Rp and Rs correspond to the ratio of the Fresnel reflection coefficients for parallel and 
perpendicular polarizations, respectively. The parallel and perpendicular Fresnel reflection 
coefficients are given by: 
a) 






?̃?3 cos 𝜙1−?̃?1 cos 𝜙3
?̃?3 cos 𝜙1+?̃?1 cos 𝜙3
  𝑅12
𝑠 =
?̃?1 cos 𝜙1−?̃?3 cos 𝜙3
?̃?1 cos 𝜙1+?̃?3 cos 𝜙3
 eq.6 
 
In a situation of multiple interfaces, for example for a film-covered substrate (Figure 5c) 
the Fresnel coefficients will also depend on the thickness of the film. In this condition they are 
obtained by adding the total reflected rays. To describe the total reflection on a three-phase model, 
























where R12 and R23 stand for the Fresnel reflection coefficients for the air/film and film/substrate 
interface, respectively.  represents the phase delay due to film thickness and is given by: 
 
𝛽 = 2𝜋 (
𝑑
𝜆
) ?̃?2 cos 𝜙2 eq.8 
 
where d stands for the thickness of the film. 
 
When studying a film-covered surface as exemplified in Figure 5c, the Fresnel coefficients will 
depend not only on the refraction index of the surface and the film but also on the thickness of the 
film. Thus, employing a three-phase model – substrate/film/ambient – Ψ and Δ will be a function 




The above description concerning light interaction with matter was based on refs.31-33 
 
2.2.2. Instrumentation and Biological Applications 
 
In this section, the optical elements of an ellipsometer (Figure 6) as well as their function 




achieved by using a laser. Still, the use of a polychromatic source with monochromators can also 
be employed, especially if more than one wavelength is necessary. The beam generated by the light 
source will pass through a polarizer, which will linearly polarize the incident beam. After this the 
beam reaches another optical element designated as compensator, retarder or quarter-wave plate. 
Typically, this compensator (birefringent material) is an anisotropic optical element, i.e., with a 
refractive index that can be decomposed in two components. The compensator will transform the 
linearly polarized light into elliptically polarized light and it has two axes perpendicular to each 
other, a fast one and a slow one. The component of the electromagnetic wave aligned with the fast 
axis will pass the compensator faster than the component aligned with the slow axis, which will 
introduce a phase shift and linearly polarized light is converted into elliptically polarized light. In 
the instrument used in this work the compensator is not active and thus the light reaching the surface 
is linearly polarized. After reflection on a surface a phase shift from 0 to 360 can be introduced as 
well as an attenuation of the components of the electromagnetic wave may occur. The reflected 
beam then reaches another linear polarizer, the analyser, and finally the photodetector.32-34 
 
 
Figure 6 – Schematic representation of a rotating analyser ellipsometer. See text for details. 
 
The orientation of the optical axes of the optical elements referred above is adjusted so that 
the ellipticity of the incident beam is exactly cancelled by reflection, i.e. the reflected beam is 
linearly polarised. In this way the null condition is achieved on the detector. In the instrument used 
a constant compensator azimuth of 45º is used. Then, the measurement consists on finding the 
angular readings of the polariser, Pnull, and analyser, Anull, for which the intensity of the light 
reaching the photodetector is extinguished (“null point”). In this case, the relationship of  and Δ 
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to Pnull and Anull, is translated in terms of the following expressions, Δ= 270º - 2Pnull and  = 
Anull.
32,33 
In this work, ellipsometry was used to evaluate the thickness of lipid films formed on both 
bare and modified gold surfaces. Ellipsometric measurements were performed with the sample 
exposed to air and at 70⁰ using a SE 400 Ellipsometer produced by SENTECH INSTRUMENTS 
equipped with a He-Ne laser (632.8 nm). Prior to each experiment the ellipsometric parameters (Ψ 
and Δ) of the bare gold substrate were measured. This procedure is important because not only is 
essential in order to estimate the thickness of the lipid films that will be formed on the surface but 
also it allows to attest that the gold surface is properly cleaned since this metal surface exhibits 
characteristic Ψ and Δ values. The thickness of the lipid layers was estimated from the variation of 
the ellipsometric parameters before and after vesicles deposition, using a three-phase model. As 
discussed above (eq. 9) for each λ the optical properties of a thin film depend on three parameters, 
n2 and k2, and the thickness of the film, d. However, these variables cannot be directly estimated 
from ellipsometric measurements at a single wavelength and incident angle, which yield only two 
measurable parameters, Ψ and Δ. In the case of transparent films, where k = 0, the solution is 
straightforward. If absorbing films are being considered, different strategies have been employed 
in order to solve this problem, which include reflectometric measurements, multiangle and 
multisample analysis35-36. Thin hydrocarbon layers are expected to be nearly transparent, and 
therefore their extinction coefficient, k, should be close to zero; however it was found that for these 
modified surfaces k, although very small, is not zero at the working wavelength, and therefore the 
real part of the refractive index, had to be fixed at 1.5, a value frequently employed for hydrocarbon 
layers37 and determined to be the refractive index of gel lipids38, in order to estimate the film 
thickness. 
The use of ellipsometry to study lipid films formed on solid substrates is not very popular, 
though some examples can be found in literature. Ellipsometry has been used to follow the 
preparation of a cholesterol-based tether SAM for the generation of photopatterned lipid membrane 
arrays39; it has also been employed to monitor both the interaction of poly(amido amine) 
dendrimers and DNA aggregates with POPC lipid bilayers40 and the influence of antimicrobial 
peptide melittin in the structure of diverse lipid binary systems41. This surface technique has been 
successfully employed in the study of the kinetics and dynamics of the process of SLB 




the quantitative characterization of SLB regarding their bilayer thicknesses, phase separation, and 
even the ligand-receptor binding interaction44. Regarding the work developed during this thesis, 
ellipsometry was an essential approach, in combination with AFM, in order to evaluate if the lipid 
films prepared on gold were spread throughout the substrate and, equally important, if a bilayer 
arrangement and not a multibilayer (or unfused vesicles) was being formed, as shall be elucidated 
in chapters V and VI. Moreover, the powerful axial resolution of ellipsometry allows to 
discriminate between lipids bilayer varying in composition and phase behaviour, as it is 
demonstrated also in chapters V and VI. 
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2.3. Cyclic Voltammetry 
 
Cyclic voltammetry was the electrochemical technique employed in this work and it was 
used to study electroactive species in solution and adsorbed on or close to the electrode surface. In 
cyclic voltammetry a current intensity (i) is measured, as a result of oxidation or reduction of 
electroactive species in solution (faradaic reactions), upon the application of a potential sweep at a 
variable rate to a working electrode. The potential scan is performed in a defined direction, stopping 
at a selected value, at which the scan direction is inverted until it reaches another chosen value 
(Figure 7a) 45-49. A cyclic voltammogram (Figure 7b) is obtained when a potential cycle, identical 
to the one described, is executed. In this work, a reversible electroactive system, K3Fe(CN)6 was 
used to evaluate the blocking properties of the SLB formed on bare or modified gold surfaces 
towards its redox process. Reversible systems are characterized by a fast electronic transfer where 
the concentration ratio between oxidized and reduced species is described by the Nernst equation. 
Also, the potential at which the current peak is verified for both oxidation and reduction is not 
changing with scan rate, and the ratio between anodic and cathodic peak currents is equal to one. 
For species in solution the current intensity is proportional to the square root of the scan rate 








where ip is the peak current (A), n stands for the number of electrons transferred during the process, 
F is the Faraday constant (C/mol), D the diffusion coefficient (cm2/s), R the gas constant 
(JK-1mol-1), T the absolute temperature (K), A the area of the electrode (cm2), C the concentration 





Figure 7 – The applied potential as a function of time in cyclic voltammetry is illustrated in a) showing the 
initial, Ei, final, Ef, maximum, Emax, and minimum, Emin, potentials. In b) an example of a cyclic 
voltammogram for a reversible system is shown with Ep,c and Ep,a corresponding to the potential of cathodic 
and anodic peak, respectively and Ip,c and Ip,a corresponding to the current of cathodic and anodic peak, 
respectively. Adapted from ref46. 
 
The electrochemical behavior of electroactive species adsorbed on the electrode surface or 
immobilized in its vicinity was also studied. In this particular work, the redox behavior of 
epinephrine and quercetin adsorbed onto SLB of various compositions was investigated. For 
adsorbed species the peak current is no longer dependent on their diffusion, rather it depends on 
the surface coverage (Γ) according to the following expression45,46: 
 





Surface coverage (mol/cm2) can also be retrieved by integrating the area under the oxidation or 
reduction peak after extrapolating and subtracting the charging current baseline, as exemplified in 
Figure 8. This procedure ensures that the contribution of the capacitive current, generated by the 
formation of the double layer, is eliminated and only the faradaic current, which arises from the 
electronic exchange between the electrode and the electroactive species, is counted. In the 
voltammetric experiments carried out in the course of this thesis involving lipid bilayers the 
electrical double layer has been significantly reduced after surface modification with lipids, which 
is coherent with previous reports that show a substantial reduction of the double layer capacitance 
after layer deposition50, as a consequence of a lower amount of solvent and electrolyte ions in the 
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coverage can be more accurately determined. Surface coverage is related to charge (Q), in 







One important consideration withdrawn from eq. 11 is that the peak current intensity for adsorbed 
molecules depends linearly on the sweep rate, instead of the square root of the scan rate as verified 
for free species in solution. 
 
 
Figure 8 – – Exemplificative voltammogram to illustrate the area under the reduction 
peak after subtracting the charging current baseline (dashed line) which corresponds 
to the integration of the current involved in the process, therefore yielding the value of 
total charge that is related to the surface coverage. See text for details. 
 
Cyclic voltammetry was conducted using a PARSTAT 2263 electrochemical station 
produced by AMETEK (Princeton Applied Research). A three electrode Teflon cell was used to 
carry out electrochemical measurements using a gold slide as working electrode, a saturated 
calomel electrode (SCE) as reference electrode and, finally, a platinum foil served as 
counter-electrode (Figure 9). The geometric area of the working electrode was defined by an O´ring 



















Electrochemical methods have been employed not only in the assessment of the 
compactness and integrity of SLB formed on diverse gold surfaces, but also in the analysis of 
membrane-related redox processes. These include the study of the redox process of membrane-
associated proteins, such as cytochromes c and P45051-53 or ion channels54, and other biologically 
important electroactive molecules, as in the case of ubiquinol molecules55-57, as well as the 
investigation of the changes in permeability promoted by the insertion of proteins or peptides into 
the lipid membrane58,59. In this work cyclic voltammetry has allowed to evaluate the blocking 
properties of the lipid films formed on gold surfaces and, therefore, to conclude about their 
extension and compactness. During this thesis, SLB that completely block the redox signal of 
K3Fe(CN)6 have been prepared, which enables to study electroactive molecules adsorbed on that 
SLB, as discussed ahead in chapter VI. Moreover, the use of cyclic voltammetry allowed to 
estimate surface coverages in the range of 10-11 mol.cm-2, which shows the great sensitivity of this 
technique. By cyclic voltammetry it was also possible to observe that epinephrine, whose redox 
process in solution has irreversible characteristics (no reduction peak is detected in the potential 
range applied), presents a quasi-reversible behavior when adsorbed onto a lipid membrane, as 
illustrated under chapter VI. 
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2.4. Quartz Crystal Microbalance 
 
Quartz crystal microbalance (QCM) can measure with high sensitivity mass variations, 
which can go down to 1 –  0.1 ng/cm2 under favourable conditions60. Since QCM follows reactions 
over time the resulting data includes both kinetic and equilibrium information. The sensitive 
detection of QCM is achieved by using an oscillating quartz wafer60-63. This quartz wafer is a 
piezoelectric material (deforms in the presence of an electric field, as mentioned previously) and 
is cut from a single crystal of quartz at a defined angle60, 62,63. Typically, AT-cut crystals are used, 
which are cut at an angle of +3510’60. 
In QCM two electrodes are deposited on opposite sides of the quartz wafer. They are used 
to generate an oscillating electric field perpendicular to the crystal surface, which induces a 
mechanical oscillation in the crystal. The direction of the oscillation is dependent on the orientation 
of the crystal lattice and for AT-cut crystals the mechanical shear oscillation is efficiently 
generated, in which the displacements, induced by the electric field, are parallel to the surface. The 
resonant frequency of this oscillation is intimately related to the thickness of the quartz crystal. The 
thicker the quartz wafer the lower the resonant frequency.61-63 
There are multiple factors that can influence the frequency at which the crystal oscillates. 
They include the physical properties of the crystal (thickness, density and shear modulus), and 
other physical quantities such as the density and viscosity of the phases contacting each side of the 
crystal, pressure differences across the crystal or temperature, which are, usually, kept constant 
during the course of the experiment. The mass attached to the crystal is the physical quantity that 
changes during QCM experiments. These variations are effectively measured by QCM and the 
relationship between changes in mass and crystal oscillating frequency are expressed in terms of 
the Sauerbrey equation, which is derived assuming that the assembly of the crystal and adsorbed 
material is rigid61-63: 
 




∆𝑚  eq.13 
 
In this equation Δf is the frequency variation in Hz, 𝑓0 stands for the resonant frequency, which for 
the instrument used in this work was determined by the manufacturer to be 8 MHz, A is the 
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piezoelectroative area of the crystal, 𝜌𝑞 corresponds to the density of quartz which is 2.648 g/cm
3, 
𝜇𝑞is the shear modulus of quartz for an AT-cut crystal which has a value of 2.947x10
11 g/cm/s2and 
Δm expresses the change in mass (in g). Considering all the parameters stated above, our QCM 
exhibits a sensitivity of 6.9 x 10-9 g/Hz. A straightforward outcome of the above expression is that 
a dampening in frequency is a consequence of an increase in mass and the extent of the variation 
of frequency is directly proportional to mass change. 
 Besides monitoring the change in frequency, Δf, it is also possible to follow variation in 
dissipation, ΔD. While the change in frequency is sensitive to mass variation, dissipation is 
sensitive to the viscoelastic properties of the film deposited on the crystal. A QCM instrument 
equipped with the possibility of performing dissipation measurements (QCM-D) will allow to gain 
insight into changes occurring in the film at the level of its hydration degree and viscoelastic or 
structural properties. It also allows to validate the application of Sauerbrey equation since the 
variation in frequency may be affected by the viscoelastic properties of the film. QCM has been 
employed to assess the deposition of lipid vesicles and consequent bilayer formation on diverse 
substrates, such as silicon dioxide or bare and modified gold electrodes64-67. In this experiments 
QCM-D is very useful due to its ability to distinguish between intact vesicles adsorbed on the 
surface or the presence of a lipid bilayer64,65, 67, or even monolayer, as a consequence of the different 
viscoelastic properties of each type of lipid film. Thus, dissipation allows to easily ascribe the 
moment of vesicle rupture since there is a transition from a high dissipation regime (intact vesicles) 
to a low or zero dissipation regime (planar lipid bilayer)65, 68. This process can be also detected by 
monitoring oscillation frequency changes since the transition from intact vesicles to a planar lipid 
bilayer involves the release of the water molecules contained inside the vesicles65, 68. 
 In this work, QCM was used to evaluate the interaction of lipid vesicles with both bare and 
modified gold surfaces in order to establish the preference of lipids towards different surfaces, 
whether bare gold or gold modified with MUA or L-cysteine. The gravimetric experiments were 
conducted in a 420 model CH Instruments electrochemical QCM. The adsorption was carried out 
at 23  1 °C onto a 8 MHz AT-cut quartz crystal coated with 100 nm of gold fitted in a 
one-compartment Teflon cell (CH Instruments). After a stable baseline was reached, lipid vesicles 
were added to the system and their adsorption was followed over time until a new stabilization of 
the frequency signal was achieved.
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 2.5. Surface Plasmon Resonance 
 
Surface plasmon resonance (SPR) is an optical phenomenon that allows to follow 
interactions (usually binding events) in real-time in a non-invasive and label-free way. Upon the 
binding event, a change in mass takes place with a concomitant increase in the refractive index, 
which in turn leads to a shift in the resonance angle. This sequence of events makes SPR very 
sensitive to reactions occurring near the surface. Similarly to QCM, SPR follows reactions over 
time, thus the resulting data includes both kinetic and equilibrium information.69,70 
 In SPR the energy carried by the photons of incident light excites the oscillating valence 
electrons of the metallic surface. The resonance state occurs only if the frequency of the photons 
of light equals the natural frequency of the metal electrons, i.e. under conditions of attenuated total 
reflection. SPR transducers usually employ a prism on top of which a metallic substrate is placed 
(Figure 10). At a particular incident angle, the total internal reflection condition is met and light 
penetrates into the optical substrate. This condition persists until the incident angle decreases to a 
critical angle at which some of the light is refracted across the surface. When the total internal 
reflection state is attained, the conditions for the generation of surface plasmons are reached and 
then the energy from photons is transferred to the metal electrons. As a consequence, a plasmon 
resonant wave will be generated at the interface between metal and a dielectric material. The 
evanescent electric field connected to this plasmon resonant wave has a limited penetration depth 
into the dielectric medium, in the order of ¼ of the incident light wavelength.69-71 
The angle required to maintain the surface plasmon is very sensitive to variations of the 
refractive index near the metal surface. It is this principle that allows to follow in real time reactions 
taking place close to the surface.  
 




Figure 10 – Schematic representation of the working principle of SPR. Adapted from references70, 72 
 
Similarly to QCM, SPR was used to monitor in real time the interaction of lipid vesicles 
with gold electrodes with distinct surface chemistry. SPR measurements were carried out using a 
BIOSUPLAR 400 T compact SPR sensor manufactured by Analytical μ-Systems with the help of 
a peristaltic pump (ISMATEC) which kept the flow rate at 30 μL/min. 
SPR has a wide plethora of applications: biomolecular affinity, adsorption kinetics, 
thermodynamic analysis, concentration assays (e.g. immunosensors), binding stoichiometries, 
study of interaction mechanisms and others.69-71, 73 Regarding the field of membrane biophysics the 
use of SPR has been successfully employed. For example, the application of SPR has helped in the 
development and characterization of tethered bimolecular lipid membranes74. Another crucial 
application of SPR in this field is the characterization of processes occuring at the membrane level, 
e.g. to evaluate the interaction of molecules with the lipid bilayer75 or even protein-lipid 
interactions, as in the case of -actinin with a negatively charged lipid bilayer76 or cholera-toxin 
with a GM1-containing membrane77. Moreover, in experiments using lipid films, SPR has been 
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2.6. Fluorescence Spectroscopy 
 
Fluorescence spectroscopy comprises a set of techniques often employed in biophysics. In 
the study of lipid bilayers it allows, for example, to conclude about the nature and amount of lipid 
phases present, through the use of multiple fluorescent probes with different affinity for the several 
types of lipid phases/domains. When applied to the study of external molecules with intrinsic 
fluorescence it gives access directly to the extent of membrane-molecule interaction and, for 
example, to conclude if this interaction is more superficial or if the molecule inserts deeply into the 
bilayer. 
 
2.6.1. The Perrin-Jablonski diagram 
 
The Perrin-Jablonski diagram (Figure 11) illustrates some of the processes occurring upon 
light interaction with matter, from the absorption of light until its emission – photon absorption, 
internal conversion, fluorescence, intersystem crossing, phosphorescence, delayed fluorescence 
and triplet–triplet transitions.  
Upon absorption of light, which occurs in a time-scale of 10-15 s, a fluorophore goes from 
the fundamental electronic state (S0) to a singlet electronic state of higher energy (S1, S2…) and is 
now in an excited state. Each electronic state is characterized by different sub-levels of vibrational 
energy (0, 1, 2...) and excitation can occur to any vibrational state. The energy absorbed upon 
excitation will, then, be released by different processes. Once excited, most molecules relax rapidly 
to the lowest vibrational energy level of S1 through non-radiative processes and the excess of 
energy can be transferred to solvent through collisions. This process of internal conversion occurs 
within a time-scale of 10-13 to 10-11 s. Since the energy gap between S0 and S1 is higher than S2 to 
S1 and so on, the transition to the fundamental electronic state, which is usually accomplished by 
internal conversion may involve the emission of photons, a radiative process. The radiative 
relaxation from S1 to S0 (emission of a photon) is called fluorescence. Additionally, intersystem 
crossing characterized by a spin conversion from the singlet to the triplet state can occur and the 
emission of a photon from this state is designated by phosphorescence.80,81 The processes referred 





Figure 11 – Perrin-Jablonski diagram. IC – Internal conversion; ISC – Intersystem crossing; S0, S1, 
S2 – singlet electronic states; T1, T2 – Triplet electronic states. Adapted from ref 81. 
 
2.6.2. Steady-state emission and excitation spectra 
 
Steady-state measurements are performed under conditions of continuous illumination with 
a lamp emitting a constant flow of photons and, as a consequence, the concentration of excited 
fluorophore remains constant, which means is in a steady-state. 
In order to obtain an emission spectrum a fluorophore is excited at a fixed wavelength and 
then fluorescence intensity is collected for a range of wavelengths (higher than the excitation 
wavelength). The inverse is done to obtain an excitation spectrum – the fluorophore is excited at 
various wavelengths and then fluorescence intensity is collected at a fixed wavelength. The 
maximum of fluorescence emission occurs at a longer wavelength than that of absorption, 
corresponding to an energy gap known as the Stokes’ shift. Emission spectra are usually 
independent of the excitation wavelength, since as explained above emission occurs from the 
lowest vibronic level of S1. However, they can be highly dependent on the polarity of medium. If 
solvent is polar the dipole of the solvent molecules is on average aligned with the dipole of the 
fluorophore. As already mentioned, upon excitation the excess of vibrational energy is rapidly lost 
and the fluorophore relaxes to level S1. Solvent molecules will realign their dipoles with the one of 
the excited fluorophore, which is most of the times stronger than that of the ground state, promoting 
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a further stabilization of the fluorophore and lowering the energy of S1 level. This process is termed 
solvent relaxation. When undergoing back to this energy level, dipole alignment will no longer be 
optimal, meaning that the energy in S0 is higher than that in the initial situation, before excitation 
(there will be again solvent relaxation, but this time after the photon has been emitted). 
Consequently, the energy gap to S0 is reduced and a red shift in emission, longer wavelength, is 
verified. If the solvent is non-polar, permanent dipole-dipole interactions are absent, and thus no 
solvent relaxation will occur.80,81  
 
2.6.3. Time-resolved fluorescence spectroscopy 
 
Time-resolved fluorescence spectroscopy, in particular the determination of fluorescence 
lifetimes, is a technique often used in membrane biophysics that allows to retrieve crucial 
information about the organization of the membrane, namely the presence of certain types of lipid 
domains, the packing of the acyl chains or the extent of water penetration82. In time-resolved 
fluorescence spectroscopy the time lapse between the excitation of the sample with a pulsed laser 
and the arrival of the emitted photon at the detector is measured. 
Fluorescence decays are, typically, described by a sum of exponentials80-83: 
 
𝑖(𝑡) = ∑ 𝑎𝑖 exp (
−𝑡
𝜏𝑖
)𝑖  eq.14 
 
where ai is the normalized pre-exponential (amplitude) and τi the lifetime of the decay 
component i. The mean fluorescence lifetime <τ> (the true mean lifetime of the excited state since 
it is weighted by the intensity of each component) of a fluorophore exhibiting the fluorescence 









In some cases, where there is a dependence of the quantum yield with the interaction under 
studied, the determination of the lifetime weighted quantum yield (𝜏̅) (also named as amplitude 





𝜏̅ = ∑ 𝑎𝑖𝜏𝑖𝑖  eq.16 
 
2.6.4. Steady-state fluorescence anisotropy 
 
In order to perform fluorescence anisotropy (<r>) the spectrofluorometer used must be 
equipped with polarizers, as exemplified in the schematics of Figure 12. Fluorescence anisotropy 
is an important parameter in biophysics for it is a measure of depolarization of emitted light using 
a linearly polarized excitation source and thus is highly dependent, among other factors, on the 
fluorophore rotational dynamics. Fluorescence anisotropy reflects, many times, the environment in 
which the fluorophore is contained. If it is in a rigid environment it will not freely rotate and then 
the depolarization of light is not efficient, hence the polarization of emitted light is intimately 
related with the one of excitation light. Conversely, if the fluorophore is contained in a more fluid 
medium where it can rotate more freely, emitted light will not exhibited a preferential polarization 







where the different intensities, Iij are the vertical and horizontal components of fluorescence 
emission in steady-state with vertical (IVV and IVH, respectively) and horizontal (IHV and IHH, 
respectively) excitation relatively to the emission axis. G factor is used to correct the different 




. Steady-state anisotropy (?̅?), which is measured on continuous illuminations, is a temporal 
average of the anisotropy decay of a population of excited fluorophores with a fundamental 















Figure 12 – Schematic representation of the optical pathway in a conventional fluorometer. Light 
source - Xenon arc lamp (1), excitation double grating monochromator (2), shutter (3), filter holder (4). The 
beam splitter (5) will reflect part of the excitation light to a reference cell (9) which will produce a signal 
proportional to the excitation light transmitted by the excitation monochromator and reaches a 
photomultiplier tube detector (11). The light not reflected by the beam splitter reaches the sample chamber 
goes (7) (it may go through an excitation polarizer (6), for fluorescence anisotropy measurements). The light 
emitted by the sample in a direction perpendicular to the incident beam may encounter an emission polarizer 
(8). The light beam will enter the double grating emission monochromator (10) and finally reaches the 
photomultiplier tube detector (11). Adapted from reference80. 
 
As mentioned, the value of anisotropy is affected by the rotational dynamics of the 
fluorophore and if the local environment is rigid, then the fluorophore will not be able to rotate 
freely and the anisotropy value will be closer to its fundamental value. The fundamental anisotropy 
value which is observed in the absence of depolarizing processes, depends on the angle between 
absorption and emission transition moments (). If they are collinear r0 is 0.4. If  is 54.7, r0 is 0 
and above this angle the fundamental anisotropy becomes negative until a limit of -0.2 for 90. 
Curiously, considering a fluorophore that can rotate freely, if its absorption and emission moments 
are collinear (r0=0.4) then anisotropy will decrease from its fundamental value as the excited 
fluorophores rotate. However, if  is 90 (r0=-0.2) then anisotropy will increase relatively to its 
fundamental value the more the fluorophore rotates after excitation. In terms of membrane 
biophysics, a gel phase represents a much more rigid environment than a fluid phase. Thus, a 
fluorophore with =0 inserted into the gel will exhibit a higher anisotropy value (typically > 0.3) 





2.6.5. Instrumentation and Biological Applications 
 
Both steady-state fluorescence and time-resolved measurements were performed in a 
Horiba Jobin Yvon model Tau 3.22 spectrofluorometer equipped with a thermostated sample 
holder with magnetic stirring. This fluorometer has double grating monochromators in both 
excitation and emission and the light source for steady-stated acquisitions was a 450 W Xenon 
short arc lamp (from USHIO, UXL-450S-O). Fluorescence spectra presented throughout this work 
are already corrected for the blank contribution and with the instrumental correction files. In that 
sense, they do not exhibit interferences due to light scattering nor do they show any shift due to the 
non-ideality of the components of the spectrofluorimeter80, 84. Further experimental details are 
described in chapters III and VI. 
For the measurements of fluorescence lifetimes the Fluorohub v2.0 module was used for 
the electronic control of the system that allows obtaining fluorescence decays by the single photon 
timing technique. This consists in the counting of photons that reached the detector with temporal 
correlation with the excitation pulse. In these experiments a nanoLED, which emits light pulses of 
short duration (70 ps) and a repetition rate up to 1 MHz was used as the light source. The nanoLED 
emits light at a specific wavelength and the one used in each experiment depends on the fluorophore 
being used and is indicated in each chapter. The fluorescence decay for an infinitesimal excitation 
pulse is acquired by deconvolution of the experimental decay with the instrument response 
function, which is obtained using a scatter, colloidal silica Ludox® from Sigma, and appropriate 
software based on the Levenberg-Marquardt algorithm. 
As mentioned, fluorescence spectroscopy is often employed in membrane biophysics and 
it can be applied in both in vivo and in vitro studies. It can be used in the characterization of protein-
drug interactions8, 14 or even in the study of the mechanism of virus fusion with lipid 
membranes85,86. Moreover, it has given a crucial contribute in the determination of numerous phase 
diagrams for diverse lipid mixtures87-89, as it is also illustrated in chapter III. 
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ABSTRACT 
Phytoceramide is the backbone of major sphingolipids in fungi, plants and is essential in several tissues of 
animal organisms, such as human skin. Its sphingoid base, phytosphingosine, differs from that usually 
found in mammals by the addition of a hydroxyl group to the 4-ene, which may be a crucial factor for the 
different properties of membrane microdomains among those organisms and tissues. Recently, 
sphingolipids hydroxylation in animal cells emerged as a key feature in several physiopathological 
processes. Hence, the study of the biophysical properties of phytosphingolipids is relevant also in that 
context, since it helps to understand the effects of sphingolipid hydroxylation. In this work, binary mixtures 
of N-stearoyl-phytoceramide (PhyCer) with palmitoyloleoylphosphatidylcholine (POPC) were studied. 
Steady-state and time-resolved fluorescence of membrane probes, X-ray diffraction, atomic force 
microscopy and confocal microscopy were employed. As for other saturated ceramides, highly rigid gel 
domains start to form with just ~5 mol% PhyCer at 24ºC. However, PhyCer gel-enriched domains in 
coexistence with POPC-enriched fluid present additional complexity, since their properties (maximal 
order, shape and thickness) change at specific POPC:PhyCer molar ratios, suggesting the formation of 
highly stable stoichiometric complexes with their own properties, distinct from both POPC and PhyCer. A 
POPC/PhyCer binary phase diagram, supported by the different experimental approaches employed, is 
proposed with complexes of 3:1 and 1:2 stoichiometries, stable at least from ~15 C to ~55 C, providing 
mechanisms for in vivo formation of sphingolipid-enriched gel domains, that may account for stable 




In recent years several studies have demonstrated that the structural diversity of ceramides, whether 
alone or as the backbone of complex sphingolipids, affects markedly their biophysical properties, and the 
effect they exert on cell membrane organization and function1-3. Ceramides can affect the order, 
compactness and phase behavior of the lipid bilayer, domain-formation ability, interact with sterols and 
alter the patterns of membrane fusion and transmembrane lipid motion4. Ceramides are usually present 
in low amounts in biological membranes, but have strong interactions with complex sphingolipids that are 
present in larger proportions. These interactions are very important for the lateral organization of the 
lipids and the properties of the so-called lipid rafts,5-8 ordered domains that are enriched in both 
sphingolipids and cholesterol in mammalian cells. It is known that the organization of ordered domains in 
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the plasma membrane of plants and yeast is quite complex and highly dependent on the sphingolipids9 
with several putative biological roles such as GPI-anchored protein transport in yeast10. Indeed, not only 
ergosterol-enriched liquid ordered domains are present, the counterparts of the mammalian cholesterol-
enriched lipid rafts, but also gel occur in significant amounts on the plasma membrane of Saccharomyces 
cerevisiae11. These too are ordered domains, but from a different type, as their formation relies solely on 
the presence of sphingolipids, and they are ergosterol-depleted11,12. Such gel domains may act as effective 
diffusion barriers13,14 for both lipids and proteins, with vast biological functions, from the formation of 
stable membrane compartments to the separation of mother and daughter cell components in the 
budding yeast during division15. 
Structural differences at the ceramide backbone level of sphingolipids, such as the length7, 16-19 and 
unsaturation20,21, or hydroxylation degree, both in the acyl chain11 and the sphingoid base1, can have 
profound consequences in membrane properties. Thus, the exploration of the structural differences 
between mammalian and yeast sphingolipids will shed light into the differences between the ordered 
domains found in each type of organism. The importance of the hydroxylation, in particular, has been 
increasingly recognized22. Free hydroxylated fatty acids, namely 2-hydroxyoleic acid, have biophysical23 
and biochemical24 effects that are remarkably different from those of their non-hydroxylated 
counterparts. Deoxyceramides, which lack the hydroxyl group at position C1 of the sphingoid base, are 
less miscible with sphingomyelin than sphingosine-based ceramides2. Phytoceramide (PhyCer), has one 
hydroxyl group instead of a double bond at C-4 of the sphingoid base, phytosphingosine. The major 
sphingolipid species in many important taxonomic groups such as plant and fungi are phytoceramide-
based25. PhyCer is also present in several human tissues, such as the stratum corneum of the epidermis26,27. 
It has much stronger effect on the thermal stability of ordered domains rich in cholesterol than the 
sphingosine-based ceramide 28. The absence of an hydroxyl group in position C-4 of the sphingoid base 
leads to a strong decrease in fluidity of the membrane in living yeast cells1. On the other hand, in model 
systems an additional hydroxylation in position C-4 of sphingomyelin (phytosphingomyelin) leads to a 
membrane with a higher gel/fluid melting temperature29. It is thus important to study PhyCer biophysical 
properties to understand its role and that of PhyCer-based lipids in the organization and function of 
membranes in animals, plants and fungi. To this end, it is of high relevance to study the behavior of PhyCer 
in the presence of a fluid phospholipid and to compare it with the behavior of ceramides with the same or 
similar acyl chain. 
In this work we present a thorough biophysical characterization of mixtures of N-stearoyl-
phytosphingosine (N-stearoyl-phytoceramide) mixed with 1-palmitoyl-2-oleoyl-sn-glycero-3-
phosphocholine (POPC), one of the most abundant phospholipids in the plasma membrane of many 
eukaryotic organisms,30,31 using a variety of techniques. Fluorescence spectroscopy of different membrane 
probes incorporated into lipid vesicles yields results from the whole suspension and not each vesicle in 
particular. AFM is capable of probing a small area of a supported lipid bilayer (SLB) with outstanding lateral 
and axial resolution. Confocal fluorescence microscopy allows confirming the presence of microdomains 
that exclude fluorescent probes and X-ray diffraction provides structural data that can be directly related 
to molecular organization. PhyCer effects on the fluid membrane, its gel-domain formation ability and the 
composition and biophysical properties of those gel domains, are presented. Rather than a typical gel 
phase, our data strongly suggests that PhyCer can form stable stoichiometric complexes with two different 
stoichiometries when mixed with POPC, giving rise to a phase diagram clearly distinct from those 
previously proposed for POPC mixed with sphingosine based ceramides. Importantly, the PhyCer-enriched 
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domains studied in this work share many biophysical properties with the gel domains found in the plasma 




POPC, N-octadecanoyl(2S,3S,4R)-2-amino-1,3,4-octadecanetriol (phytoceramide from S. 
cerevisiae), and N-(lyssamine rhodamine B sulfonyl)-1,2-dioleoyl-sn-3-phosphatidylehanolamine 
ammonium salt (Rhod-DOPE) were purchased from Avanti Polar Lipids (Alabaster, AL). Ludox (colloidal 
silica diluted to 50 weight % in water) was purchased from Sigma. t-PnA was purchased from Santa Cruz 
Biotechnology (Santa Cruz, CA, USA), and DPH and di-4-ANEPPS from Invitrogen (Madrid, Spain). Solvents 
for lipid and probe stock solutions were spectroscopic grade. All other reagents were of the highest purity 
available. 
 
Preparation of Multilamellar Vesicles and Giant Unilamellar Vesicles 
Multilamellar vesicles (MLVs) containing the appropriate lipids, DPH and t-PnA were prepared by 
standard procedures e.g.32. Briefly, adequate volumes of lipid stock solutions were added to a tube to have 
the desired lipid mole fractions. The solvent was slowly vaporized by a mild flow of nitrogen, forming a 
thin layer of lipid in the bottom of the tube. The lipid was hydrated by the addition of 1 mL of PBS buffer 
(2.71 mM K2HPO4, 1.54 mM NaH2PO4, 154 mM NaCl, pH 7.4), previously heated above the main transition 
temperature (Tm) of the lipids. The samples were then progressively vortex-stirred and submitted to 
freeze/thaw cycles. The probe, at a concentration of less than 1 % (v/v), was then added from an ethanol 
stock solution to the desired lipid/probe ratio followed by 1h incubation and further freeze/thawing. 
Afterwards, they were slowly cooled and kept in the dark at 4C. Before measurements, they were slowly 
brought to room temperature, or to the lowest temperature used in temperature-dependence studies. 
For fluorescence spectroscopy, the probe/lipid ratio used was 1:200 (mol/mol) for DPH and 1:500 
(mol/mol) for t-PnA with 0.2 mM total lipid to avoid incomplete hydration of ceramide (e.g.,33 ). 
Giant unilamellar vesicles (GUVs) were prepared by the electroformation method as described 
previously with minor modifications34. Adequate volumes of lipids and probe (Rhod-DOPE) stock solutions 
were mixed to have the desired lipid mole fractions and lipid/probe ratio, a final lipid concentration of 1 
mM, and a chloroform/methanol ratio of 2:1 (v/v). The mixture was homogenized by vortexing, and a 
volume of 25 L of solution was spread on the titanium GUV formation chamber with a gas-tight syringe. 
The traces of organic solvent were removed through vacuum desiccation for 30 min. The titanium 
chambers were filled with 700 L of sucrose buffer (250 mM sucrose solution, 15 mM NaN3) 280 mOsm/kg 
in MilliQ water (>18 M), sealed and connected to the signal generator. A sinusoidal signal with a peak-
to-peak voltage of 0.4 V and 10 Hz was applied and the voltage was increased to 2.0 V and maintained 
overnight. Then, the frequency was decreased to 4 Hz and the voltage increased to 2.6 V for 20min. Finally, 
the signal generator was turned off. For PhyCer-containing mixtures, the chambers were in a block heater 
at 60C (a temperature above which no gel domains are detected from the fluorescence of t-PnA at the 
PhyCer mole fractions used), and the sucrose buffer was previously heated to that temperature. The 
vesicle suspension was kept at room temperature (24 C) in the dark until use. The probe:lipid ratio used 
was 1:500 (mol/mol). 
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POPC concentrations in stock solutions (chloroform) were determined by phosphorus analysis35. 
Probe concentrations were determined spectrophotometrically as in ref 5. PhyCer concentrations in stock 
solutions made in chloroform/methanol 2:1 (v/v) were determined by gravimetry. 
The preparation of Small Unilamellar Vesicles (SUVs) is described under “Supported Lipid Bilayers” 
for atomic force microscopy (AFM) studies. 
 
Absorption and Fluorescence Measurements and Data Analysis  
The spectrophotometric absorption measurements were performed on a Jasco V-560 (Tokyo, 
Japan) double beam spectrophotometer and the fluorescence measurements were carried out on a Spex 
Fluorolog 3-22/Tau 3 spectrofluorometer equipped with double grating monochromators in both 
excitation and emission light paths from Horiba Jobin Yvon at 24C as described previously11. 
For steady-state measurements (450 W Xe arc lamp light source), the samples were under 
constant magnetic stirring, and the excitation / emission wavelengths were 358nm / 430nm for DPH and 
303nm / 404 nm for t-PnA. The steady-state anisotropy (r) was calculated according to, 
 
𝑟 =  (𝐼𝑉𝑉 −  𝐺 × 𝐼𝑉𝐻) (𝐼𝑉𝑉 + 2𝐺 × 𝑉𝐻)⁄  (Eq.1) 
 
in which G is the instrumental correction factor . Subscripts V and H represent the vertical and horizontal 
orientations of the polarizers and the order of the subscripts corresponds to the excitation and emission. 
An adequate blank was subtracted from each intensity reading. The set of the four intensity components 
for each sample was measured seven times.  
For time-resolved measurements by the single photon counting technique, nanoLED N-320 (Horiba Jobin 
Yvon) was used for the excitation of t-PnA, and emission wavelength was 404 nm; nanoLED N-370 with a 
cut-of filter UGI-370 for DPH with emission set at 450 nm. The resolution of the detection system was 50 
ps. The number of counts on the peak channel was 20,000. The number of channels per curve used for the 
analysis was ~1000. The time scale was 0.05552 ns/channel for both probes, and for t-PnA timescales of 
0.1114 and 0.22231 ns/channel were frequently used. Ludox was used as the scatter to obtain the 
instrumental response function. The program TRFA Data Processor v.1.4 (Scientific Software Technologies 
Center, Minsk, Belarus) was used for the analysis of the experimental fluorescence decays. 
For a fluorescence intensity decay described by a sum of exponentials, i.e., 
 
𝐼(𝑡) =  ∑ 𝛼𝑖𝑒𝑥𝑝(−𝑡 𝜏𝑖⁄ )
𝑛
𝑖=1  (Eq.2) 
 
where 𝛼𝑖 and 𝜏𝑖 are the normalized amplitude and lifetime of component 𝑖, respectively. The (intensity-
weighted) mean fluorescence lifetime is given by 
 
〈𝜏〉 =  ∑ 𝛼𝑖𝜏𝑖
2 ∑ 𝛼𝑖𝜏𝑖⁄  (Eq.3) 
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and the amplitude-weighted average fluorescence lifetime is defined as 
 
𝜏𝑎𝑣 =  ∑ 𝛼𝑖𝜏𝑖  (Eq.4) 
 
 
In general, two exponentials were required to describe DPH fluorescence intensity decays, 
whereas for t-PnA, three or four components were necessary depending on the complexity of the lipid 
mixture. The quality of fit was judged by a reduced-2 value close to 1 and random distribution of weighted 
residuals and residuals autocorrelation. 
The background (obtained with the blank sample) was subtracted from the decay. 
All the data represents the mean ± standard deviation of at least 3 independent samples. 
 
Confocal microscopy of GUVs  
 Intensity images were taken using an Olympus Fluoview 1000 (Olympus, Tokyo, Japan) equipped 
with a X60 (1.35 N.A.) oil immersion objective. Rhod-DOPE was excited at 543 nm using the HeNe laser 
and was detected in the range of 570-670 nm. Images with a frame size of 512 X 512 pixels were acquired. 
 
Supported Lipid Bilayer Preparation 
MLVs were prepared as described above, except for the hydration buffer which in the present case 
was10 mM Hepes, 150 mM NaCl, pH 7.4 (total lipid concentration 1 mM). Small unilamellar vesicles (SUV) 
were originated by power sonication (Hielscher, UP200S) 140 W dutty cycle 0.75 followed by 
centrifugation for 20 minutes at 6800 g of the suspension. The supernatant was recovered to which CaCl2 
was added to a final concentration of 5 mM (from a 100 mM CaCl2 stock solution)32. 150 µL of this 
suspension was deposited on freshly cleaved mica (Veeco) and incubated for 30 minutes at 60 C. After 
this incubation step the samples were left at room temperature to cool for 1 h and SLB were washed 
several times with buffer 10 mM Hepes, 150 mM NaCl, pH 7.4 at room temperature (23 ±1 C). 
 
AFM imaging 
AFM in-situ measurements, i.e. with the sample immersed in buffer recurring to a liquid cell, were 
performed at room temperature using a Multimode Nanoscope IIIa Microscope (Digital Instruments, 
Veeco). Topographic images were taken with a scan rate of ca. 1.8 Hz in tapping mode. Under these 
conditions, tip scanning has no effect on the height, shape and domain organization of the lipid bilayer32. 
Before each experiment, the glass block holding the cantilever was washed several times with 
water and ethanol. The cantilevers used were made of silicon nitride (NPS, ca. 0.35 N/m of spring constant, 
Bruker) with a resonance frequency in liquid of about 26 kHz. The samples were initially covered with 80 
L of buffer 10 mM Hepes, 150 mM NaCl, pH 7.4. 
The images presented in this study are representative of each mixture (the observations are 
uniform for the whole sample); at least 2 independent experiments on freshly prepared SLB were 
performed for each lipid system. To obtain the thickness values (or thickness differences), at least 5 
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different profiles were drawn in each image, and the median value taken. The values for the thickness in 
Table S1 are the mean ± standard deviation of the values from all the experiments, and the most 
representative profiles were selected for the figures shown. The estimation of the area corresponding to 
the different types of domains was performed using the software ImageJ. All the domains of a specific 
thickness were added to obtain the total phase area. 
 
X-ray Scattering 
For x-ray diffraction measurements, MLVs with a final lipid concentration of 3.5mM were prepared 
as described above. Samples were, then, centrifuged at 11300 g for 30 min, and the pellets (with an 
estimated volume of ca. 1/10 of the initial volume) were stored at 4C. To perform the measurements, the 
pellets were transferred to a glass capillary. Small and wide-angle x-ray scattering (SAXS and WAXS) were 
performed at 20C, using a Philips Analytical PW 3050/60 X’Pert PROdiffractometer, operating with a Cu-
K radiation and previously calibrated using a Si standard, from 0.68 to 65 with 0.03 steps. 
The anhydrous bilayer thickness can be determined from the small angle region according to the 
equation36: 
𝑑100 =  𝑑𝑙 [1 + (
𝑣𝑤
𝑣𝑙
) . 𝑛𝑤] (5) 
 
where d100 corresponds to the reflection, dl is the effective thickness of the bilayer, vw and vl are the 
molecular volumes of water and lipid, respectively and nw stands for the water/lipid mole ratio. 
From the wide angle region, the chain-to-chain spacing (a) can be calculated according to the 
following expression, where s is the observed reflection, considering that in a gel phase the acyl chains 
occupy a hexagonal lattice36: 











RESULTS AND DISCUSSION 
 
Fluorescence spectroscopy of trans-parinaric acid at room temperature: formation of phytoceramide-
enriched gel-phases 
It has been shown for several ceramide species that these molecules when mixed with fluid phase 
phospholipids are able to induce the formation of gel or solid ordered domains21, 33. Therefore, t-PnA, a 
probe with a partition coefficient and fluorescence quantum yield favorable to the gel (or solid ordered) 
phase has proved invaluable in the study of the biophysical changes induced by the presence of ceramide 
in fluid phospholipid bilayers. As a first step in the characterization of the binary system POPC/PhyCer we 
determined steady-state and time-resolved (Figure 1) fluorescence properties of t-PnA as a function of 
PhyCer mole fraction at 24 °C . 
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In previous studies we found that the long lifetime component of t-PnA fluorescence intensity 
decay in this system rises abruptly in the 5 to 10 mol % composition range, reaching a value of ~40-42 ns.11 
In the present study, this behavior was confirmed, and for PhyCer compositions above 30 mol % till 90 % 
PhyCer a value ca. 40-42 ns is kept after a maximum of 45 ns that occurs for 25 mol % PhyCer (Figure S1). 
The very high values of the long lifetime component, confirm the formation of a PhyCer-enriched gel 
phase.  
The trend of steady-state fluorescence anisotropy is complex. After 5 mol % of PhyCer, it starts to 
increase markedly, displaying a maximum around 20-25 mol %, being reasonably stable between ~30-50 
mol % and presenting another local maximum around 60 – 70 mol % PhyCer (Figure 1a). Finally, for very 
high PhyCer levels (equal or above 70 mol %) the anisotropy slightly decreases, which is indicative of some 
exclusion of the probe from the gel domains or of aggregation of the probe, both of which could be 
explained by the formation of a very rigid and compact solid phase enriched in PhyCer. 
 
Figure 1 - Steady-state fluorescence at 24ºC in POPC/PhyCer MLVs as a function of PhyCer mole fraction. 
a) Steady-state fluorescence anisotropy and b) Steady-state fluorescence intensity of t-PnA and DPH; and 
time-resolved fluorescence at 24ºC in POPC/PhyCer MLVs as a function of PhyCer mole fraction. Intensity-
weighted average fluorescence lifetime (orange line) and amplitude-weighted mean fluorescence lifetime 
(purple line) of c) t-PnA and d) DPH. Data represents the mean ± standard deviation of at least 3 
independent samples. 
 
Noteworthy is the fact that the maximum anisotropy value obtained  is ~0.29 for 65 mol % of 
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( 0.3) whether in the presence or not of sphingomyelin and cholesterol.5, 21, 33 This suggests differences in 
the organization between PhyCer and sphingosine-based Cer-rich phases. 
To further understand this behavior, the steady-state fluorescence intensity of t-PnA was also 
measured as a function of composition at 24 °C (Figure 1b). This parameter increases ~several-fold 
between pure POPC and ca. 25 mol % PhyCer, reporting the formation of a highly ordered gel phase. Above 
25 mol% PhyCer the fluorescence intensity decreases, a behavior that supports the formation of a new gel 
phase. There is also a local maximum around 65 mol % PhyCer, but for higher concentrations of PhyCer 
the fluorescence intensity decreases to values found in the absence of gel domains. However, from the 
long fluorescence lifetime component of t-PnA lifetime values that are fingerprints of the gel phase are 
obtained (Figure S1). Thus, the gel phase formed by PhyCer above 65 mol % is so rigid that even t-PnA, the 
only known fluorescent membrane probe that has a clear preference for gel phases, is excluded. For the 
highest concentrations of PhyCer achievable the system is completely in a gel phase, thus exclusion of t-
PnA from the gel is in fact segregation of the probe from the membrane to the aqueous milieu, where t-
PnA has negligible quantum yield, leading to a decrease of fluorescence intensity. 
The average fluorescence lifetimes of t-PnA as a function of PhyCer molar fraction at 24 °C (Figure 
1c) corroborates this interpretation. They increase markedly for PhyCer fractions 5 mol %, attaining a 
first maximum at 25 %, and a second maximum at ~65 mol %. For these parameters and the fluorescence 
anisotropy, which reflect the compactness and order of the acyl chains/sphingoid base, the absolute 
maximum occurs at ~65 mol % and not at ~ 25 mol % as observed for the steady-state fluorescence 
intensity. We surmise that the fluorescence quantum yield for the probe that repartitions to the aqueous 
phase is quite low (essentially it does not fluoresce) and thus it contributes to a decrease in the steady-
state intensity for higher PhyCer fractions, not affecting strongly the other parameters. The fact that both 
fluorescence lifetimes and anisotropy have local maxima confirms that for those PhyCer compositions (~ 
25 and 65 mol %) the system is particularly well ordered and compact. 
 
Fluorescence spectroscopy of DPH at room temperature: rigidity of phytoceramide-enriched gel-phases 
DPH displays a different lipid domain partition behavior than t-PnA. Typically it distributes equally 
among gel and fluid phases37. Therefore, its use in the characterization of binary lipid mixtures, such as 
PhyCer/POPC provides complementary information to t-PnA. However, in the case of Cer-containing 
samples, the formation of Cer-rich gel phases can lead to a strong33 or moderate21 exclusion of the probe 
from the membrane. In Figure 1a, the steady-state anisotropy of DPH at 24 C is shown. As PhyCer levels 
increase, so does the anisotropy of DPH. This increase is, however, gradual and monotonic in opposition 
to that observed for t-PnA. DPH seems to be sensitive only to the global ordering of the membrane as 
PhyCer levels increase. The steady-state fluorescence intensity of DPH at 24 C was also plotted versus 
PhyCer mole fraction (Figure 1b). This parameter has a slight increase for low PhyCer mole fractions and it 
decreases sharply for PhyCer fraction above ~30 mol %, pointing to an exclusion by PhyCer stronger than 
for t-PnA, as expected. 
The fluorescence intensity decays of DPH up to 60 – 70 mol % PhyCer are described by the sum of 
two exponentials, with lifetime components of 3 – 5.5 ns and 9.5 – 10.5 ns, respectively (not shown). These 
values are similar to others usually found in membrane model systems, since DPH fluorescence lifetime is 
less sensitive to changes in the lipid phase when compared to its anisotropy5, 37. The average fluorescence 
lifetime and the amplitude-weighted average fluorescence lifetime of DPH at 24 C are represented in 
Figure 1d. As expected, no strong variations are observed for those parameters as a function of PhyCer 
mole fraction. The slight increase observed for low PhyCer concentrations is probably due to an ordering 
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of the acyl chains of lipids in the fluid phase, because steady-state fluorescence intensity (Figure 1b) also 
increases in this composition range. For high concentrations of PhyCer (> 60 mol%) the decrease in the 
amplitude-weighted average fluorescence lifetime, which is a measurement of fluorescence quantum 
yield, is probably due to an exposure of the lipid-interacting probe to the aqueous milieu, that results from 
its difficulty to accommodate within an even more compact phase. An increased hydration of DPH 
microenvironment is reflected by a short lifetime component38, which affects mainly this parameter, and 
affects much less the intensity-weighted mean fluorescence lifetime, from Eqs. 3 and 4. The fact that the 
steady-state fluorescence intensity trend is not analogous to that of the amplitude-weighted mean 
fluorescence lifetime points to a population of probe which is not fluorescent, and is probably due to probe 
aggregates completely segregated into the aqueous phase, justifying the low values of fluorescence 
intensity between ~30 mol % and ~60 mol % PhyCer, but not of the average lifetime. 
 
Thermotropic behavior of POPC/PhyCer binary systems from t-PnA and DPH fluorescence anisotropy 
In order to understand the effect of temperature on the solid ordered (gel) phases formed by 
PhyCer, and ultimately to obtain a partial phase diagram for the POPC/PhyCer system, the steady-state 
fluorescence anisotropy of t-PnA was measured as a function of temperature. The results are shown in 
Figure 2. As predicted, the values for that parameter decrease with the increase in temperature of the 
system, as it becomes less ordered and/or the gel domains are melting. For 100 mol % POPC, the results 
are in agreement with those previously reported.21, 33 The Tm for this lipid is -2.9 C39, and therefore this 
system is fluid at all temperatures scanned. The decrease in anisotropy observed is in agreement with the 
curves previously obtained for pure POPC liposomes21, 33, 40, and also to a decrease in the order of the fluid 
phase itself. For ≥ 10 mol % PhyCer, three regimes are detected; a first regime at low temperatures with 
high anisotropy reflecting the predominance of gel domains. A second regime, with a steep decrease of 
anisotropy for intermediate temperatures, where the probe is essentially detecting the melting of ordered 
domains, and a third one, for high temperatures where low anisotropy values are observed. To describe 
these regions quantitatively, straight lines were fitted to each of the three regimes. With this method, an 
initial melting temperature (Ti), and a final melting temperature (Tf) are obtained. The procedure for 
obtaining these parameters is exemplified in Supplementary Material of ref11. For 5 mol % PhyCer, it was 
possible to retrieve only the value of Tf. In agreement with a visual inspection of the curves in Figure 2, the 
thermal stability of the ordered domains increases as the levels of PhyCer in the membrane become 
higher, and then it stabilizes, or even has a slight tendency to decrease for sphingolipid mole fractions 
higher than 60 mol%. The temperatures Tf were used to build a partial phase diagram for the binary 
POPC/PhyCer mixture. The values of Tf correspond to the complete melting of the gel domains for which 
t-PnA has a preferential partition. The Ti value is distorted by that preference and, therefore, was not used 
for the phase diagram. However, the fact that its value is almost independent of composition (between 10 
and 80 mol % of PhyCer) indicates that a horizontal line should be present in the lower temperature range 
of a putative phase diagram POPC/PhyCer, ascertaining the presence of several immiscible/low miscibility 
gel-like phases. 




Figure 2 - Steady-state fluorescence anisotropy of t-PnA as a function of temperature in 
POPC/PhyCer MLVs with 0, 5, 10, 20, 30, … mol% PhyCer. Data represents the median of at least 3 
independent samples. 
 
A different way of representing these data is given in Figure 3, i.e., steady-state fluorescence 
anisotropy as a function of composition for a given temperature. The curve obtained at 15 °C shows the 
appearance of a significant fraction of gel domains for low PhyCer mole fractions, as observed at 24 °C. A 
similar trend with two maxima around 0.31 is attained, typical of a gel phase (0.3). The two local maxima 
occur for the same PhyCer mole fraction as observed for 24 °C. Furthermore, these maxima persist for 
higher temperatures, at least 45 °C for the maximum at XPhyCer = 25 mol%, and for ~55 °C for XPhyCer = 65 
mol %. This behavior strongly suggests that at or near those PhyCer compositions the system has unique 
properties, until the temperatures at which the sharp peaks fade are reached.  
 
Figure 3 - Steady-state fluorescence anisotropy of t-PnA in POPC/PhyCer MLVs as a function of PhyCer 
mole fraction for a wide range of temperatures. Data represents the mean ± standard deviation of at least 
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A similar experiment was performed with DPH, and the results are shown in Figure 4a. At 37 °C, 
the behavior is similar to the one observed at 24 °C, except that the anisotropy values are smaller, as 
expected. Thus, it seems that a gel phase starts forming at ~5-10 mol % PhyCer at both temperatures. At 
~30 mol % growth of this phase is terminated, because the anisotropy of DPH becomes approximately 
constant for that PhyCer concentration, until ~50 mol % is reached. Then, the anisotropy restarts rising. At 
65 °C the anisotropy values show that the membrane should be in a fluid state, until an increase is 
observed for mole fractions of PhyCer higher than 60 mol %. The fluorescence intensity of DPH as a 
function of PhyCer content (Figure 4b) shows an expected decrease with the temperature and at both 
24°C and 37 °C exclusion of the probe by PhyCer containing phases or its exposure to the aqueous 
environment is clearly observed. 
 
Figure 4 - Steady-state fluorescence a) anisotropy and b) intensity of DPH in POPC/PhyCer MLVs as a 
function of PhyCer mole fraction for 24, 37 and 65 C. Data represents the mean ± standard deviation of 
at least 3 independent samples. 
 
X-ray diffraction of a POPC:PhyCer mixture: compound or superstructure formation 
Both SAXS and WAXS were employed in order to obtain structural information concerning pure 
POPC and POPC:PhyCer 4:1 (mol/mol) mixture (Figure 5). SAXS diffractograms of POPC MLVs reveal a single 
and symmetric peak, corresponding to a repeat distance of ~ 53 Å (Figure 5a). This value is in agreement 
with the one previously reported for a pure POPC MLV suspension36. In the presence of 20 mol % of PhyCer, 
besides the reflection at ~ 53 Å, a second peak at ~ 44 Å, in the small-angle region, was detected (Figure 
5b). The presence of an additional reflection in this region indicates the formation of a new phase at this 
lipid composition. Interestingly, a lamellar repeat distance of 45 Å has been determined for PhyCer/water 
mixtures at 20C41. The reflection observed by us at 44 Å can be unequivocally assigned to a phase with a 
strong structural influence of PhyCer. 
In the wide-angle region no clear reflection was detected for the pure POPC system which can be 
attributed to the highly disordered nature of POPC acyl chains. However, for the system containing 20 mol 
% of PhyCer two reflections were observed (Figure 5c). The one at ~ 3.7 Å is related to the chain-to-chain 
spacing (a in eq. 6). A value of 4.2 Å is obtained for the chain-to-chain spacing, and of ~ 32 Å2 (eq. 7) for 
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characteristic of a compact and ordered membrane reflecting the presence of a PhyCer rich phase at 20 
mol % of this lipid. Such compactness is higher than the one found for other ceramide-rich gel phases as 
in the case of nervonoylceramide (NCer) gel phase (40.7 Å2 molecular in the binary mixture POPC:NCer, 
and 35.1 Å2 for the pure NCer gel phase21). Moreover, for the palmitoylsphingomyelin / cholesterol / 
palmitoylceramide (54:23:23) system a molecular area of 38.8 Å2 6 was retrieved at 20 C. The very compact 
nature of the PhyCer enriched phase suggests a distinctive organization of the lipid molecules comprising 
this phase. Yet, another reflection at ~ 7.3 Å was observed. When a and S0 are calculated for this reflection, 
anomalously large values are obtained (a = 8.4 Å, S0 = 123 Å2). Hence, this reflection stems from the 
repetition of a larger unit along the surface. 
 
Figure 5 – Small-angle X-ray scattering of a suspension of MLV composed by (a) POPC and (b) 20 mol % 
POPC / 80 mol % PhyCer. On panel (c) the diffractogram for the wide angle region of the same 
POPC/PhyCer mixture is shown. 
 
Confocal fluorescence microscopy in GUVs: PhyCer-rich microdomains 
In order to characterize the microscale domain organization of POPC/PhyCer systems, GUVs 
labeled with Rhod-DOPE, a fluid phase probe, were prepared and observed by confocal fluorescence 
microscopy. The composition range spanned was just 0 to 40 mol % PhyCer, because higher amounts of 
this type of sphingolipids do not allow the formation of giant vesicles in a reproducible way42. In Figure 6, 
the 3D projections of the confocal slices of representative GUVs are shown. For 100 % POPC, the GUVs 
display a homogeneous fluid phase, as expected. For 10 mol % PhyCer, while in some GUVs, no gel domains 
(dark domains, from which the probe is excluded) could be observed, for other GUVs small gel domains 
could be detected. This is probably due to the fact that the fraction of gel domains is small for that PhyCer 
concentration. Furthermore, the packing density of the gel phase is much higher than that of the fluid 
phase, as shown above and, consequently, the area fraction of the vesicle occupied by the gel phase is 
even smaller. Both these factors justify the fact that in some vesicles the observation of gel domains is 
difficult. The gel domains become detectable in every GUV, and have a higher  fractional area when PhyCer 
content was increased to 20 (not shown) and to 40 mol % (Figure 6c). The dark areas had a negligible 
fluorescence intensity demonstrating an almost complete exclusion of the probe, in agreement with the 
results previously shown. Also of note is the change in the shape of PhyCer-rich domains (dark areas) that 
was observed from the lower to the higher PhyCer mole fraction employed, which may indicate a different 
type of organization at the molecular level. An important aspect is that no tubular structures were 
observed in any of the samples examined. This contrasts with observations made on GUVs consisting of 
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POPC/ceramide binary mixtures for which at about 30 mol % of ceramide (C24:0, C24:1 or C16+C24:1) 
strong morphological alterations and other tubular structures are present40. 
 
Figure 6 - Lipid domain formation as observed by confocal fluorescence microscopy: 3D projection images 
obtained from confocal sections of GUV labelled with Rho-DOPE (0.2 mol %) at 24 C. GUV were prepared 
from (a) POPC and mixtures of POPC/PhyCer(b) (8:2) and (c) (6:4). 
 
Atomic force microscopy: PhyCer-rich domain nanoscale structure and thickness 
AFM imaging of supported lipid bilayers on mica offers a complementary approach to characterize 
the biophysical properties of the POPC/PhyCer binary system. This imaging technique is probe-free and 
allows visualizing lateral details of the lipid bilayer with nanometer resolution, giving quantitative 
information on the thickness of the different phases in the bilayer. This important biophysical property 
allows discriminating between multiple lipid phase coexistence situations. 
SLB with different POPC:PhyCer molar proportions were prepared and observed by in situ AFM. 
The results are summarized in Table S1, and the different types of organization observed shown in Figure 
7. For the lower PhyCer proportion studied the lipid bilayer was composed by two distinct phases, which 
differ in thickness by ~1.1 nm forming round-shaped domains (Figure 7a). The height of the thicker phase 
was ~5.4 nm whereas the other was ~4.3 nm. These values are in excellent agreement with the ones 
obtained by X-ray diffraction in which two phases displaying a total thickness of ~5.3 nm (POPC-rich) and 
~4.4 nm (PhyCer-enriched) were identified for the mixture containing 20 mol % of PhyCer. The PhyCer-
enriched phase occupied almost 80 % of the bilayer area, meaning that this phase was actually composed 
mainly of POPC, a crucial feature to be accounted for in a POPC/PhyCer phase diagram. At equimolar 
proportions of the two lipids (Figure 7b), the topographic AFM images revealed a lipid bilayer displaying 
flower-like percolativedomains. Moreover, the phase with 4.3 nm thickness could also be found, but not 
the POPC-enriched fluid phase with 5.4 nm. Rather, a new phase with a height of ~6.1 nm was detected 
(Figure 7b). Also, an expected increase in the area fraction of this phase was observed with increment in 
PhyCer fraction to 60 %. Interestingly, at 70% PhyCer (Figure 7c) the outer shape of the lipid domains 
remained unaltered. However, the percolative-like structure observed for intermediate PhyCer 
concentrations was no longer observed, and the height gap between the two observed phases was 
reduced to 1.2 nm, which points to a new type of phase coexistence. 




Figure 7 – Tapping mode AFM images of supported lipid bilayers formed on mica and composed by the 
binary mixture POPC:PhyCer at different molar proportions: a) 7:3, b) 1:1 and c) 3:7. Image size and z scale 
are indicated in each panel. Topographical profiles correspond to the colored lines drawn in each image. 
 
Building the POPC/PhyCer phase diagram 
The properties of lipid bilayers containing hydroxylated ceramides as well as the relevance of 
sphingoid base hydroxylation have not been widely explored in the literature. In this work, a thorough 
biophysical study of POPC/PhyCer mixtures has been carried out, in order to understand the importance 
of PhyCer and PhyCer backbone in complex sphingolipids for the formation and properties of ordered 
domains in different organisms. By using the experimental results here described to build a phase diagram 
for the POPC/PhyCer system, a direct comparison with other POPC/Cer systems is established, and reveal 
the differences in molecular organization, both quantitative and qualitative. 
The results suggest an elaborated phase diagram (Figure 8) for the binary system POPC:PhyCer, 
with several important pieces of evidence corroborating the formation of two different stoichiometric 
complexes “superordered” structures. Of particular interest was the presence of anomalies of 
fluorescence anisotropy obtained for t-PnA (Figure 3) i.e. the two maxima that were constantly observed 
for 25 and 65% of PhyCer at all scanned temperatures until 45C, for the 25 mol %, and ~60C for 60 mol 
%. The formation of one single complex has been proposed to occur in mixtures of cholesterol with 
phospholipids or sphingolipids in monolayers 43-45 and free-standing bilayers46,47. Here, the two main 
anomalies identified in the trends of fluorescence anisotropy of t-PnA can, certainly, be correlated with 
the sharp minima (cusp) of the average molecular area observed for the cholesterol/phospholipid and 
cholesterol/sphingolipid monolayer phase diagrams44,45. These cusps represent equivalence points which 
correspond to a defined composition where there is neither an excess of one component nor the other, in 
this case, POPC and PhyCer. Thus, these equivalence points help to determine the stoichiometries of the 
proposed complexes. Considering that the two cusps appear at ~ 25 mol % and ~ 65 mol % of PhyCer 
(Figures 1 and 3), we suggest that two distinct complexes are formed, one with a stoichiometry of 3 POPC 
: 1 PhyCer and the other with stoichiometry of 1 POPC : 2 PhyCer. The formation of complexes is also 
supported by the X-ray diffraction data. The individual lipid molecules are highly condensed into a very 
packed gel phase (32.1 Å2/molecule), and thus are tightly bound through strong interactions. The 
reflection at 7.3 Å reports a rather large area per molecule which could be explained by the formation of 
a supra-structure, in this case corresponding to the area of each unit of the complex and consistent with 
a (POPC)3PhyCer compound (123 Å2). The formation of these complexes is effectively supported by AFM 
results which show the formation of three different types of domains differing in shape and thickness, 
attesting the formation of structures which are not simply POPC enriched fluid or PhyCer enriched gel 
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phases. Moreover, for 20 mol% PhyCer, the thickness of the domains observed by AFM match the two 
bilayer repeat distances obtained from the WAXS peaks. 
 
Figure 8 – Phase diagram for the binary mixture POPC:PhyCer. 
 
The POPC/PhyCer binary phase diagram shown in Figure 8 is consistent with both the experimental 
data here presented and thermodynamic rules. The full lines are supported by experimental data, whereas 
the dotted lines are mainly derived from the experimental lines, thermodynamic considerations, and 
phase diagrams of similar lipid mixtures21, 33. The phase diagram is of the meritectic type and contains 
various two-phase regions. All the Tf values retrieved from the analysis of the steady-state fluorescence 
anisotropy of t-PnA as a function of temperature (Figure 2) are represented as solid black circles. These 
points represent a melting transition detected by t-PnA, most likely of one of the complexes, because the 
other complex still persists above those temperatures, and also because it excludes the probe from the 
membrane. The phase transition temperature of POPC (main transition,-2.9 C)39 (solid square) and PhyCer 
(pre-transition at 30C – solid diamond, and main transition at ~100 - solid triangle)41, 48, taken from the 
literature, are also plotted, and they are consistent with the Tf values obtained from t-PnA. The analysis of 
Figure 4 also enabled to add another point (open circle) to the top part of the phase diagram which helped 
clarifying the boundaries of regions coexisting at higher temperatures. This point corresponds to the curve 
of DPH steady-state anisotropy at 65 C, which clearly starts to increase above 60 mol % PhyCer. 
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In other binary systems, either lipidic43-45, 47, metallic49 or ionic liquid + aromatic compound50, 
stoichiometric complexes or intermediate phases have been described. In this work we advance with the 
possibility for the formation of more than one complex with different stoichiometries, in a biologically 
relevant binary lipid system and within a physiologically relevant temperature range. In particular, they 
occur at 25 and at 66.7 mol % PhyCer, defining the vertical lines in the phase diagram (data from Figures 
2 and 3 - open triangles for complex  and diamonds for complex ). The open square is taken from Figure 
3, which shows that the peak observed repeatedly at 65 mol % PhyCer disappears for a temperature close 
to 60 C. 
From the exposed above, it is clear that the properties of the system is very rich and highly 
dependent on composition and temperature range within analysis. Until 25 mol % of PhyCer, it is possible 
to observe that the first complex () [compound (POPC)3PhyCer] starts to form at low PhyCer 
concentrations. Moreover, with temperature increase  melts and only a fluid phase is present, which is 
shown by the lines 1-2. Above 25 mol % until ~ 66.7 mol % of PhyCer and below ~42 C a coexistence of 
both complexes is observed. In addition to lines 2-3, 3-4 also corresponds to the melting of . Above this 
line a fluid phase and complex  [compound POPC(PhyCer)2] coexist. For higher temperatures this complex 
also melts and only a fluid phase is present. For PhyCer concentrations higher than 66.7% only  is stable, 
persisting until ~ 80-90  mol % PhyCer for temperatures below 43 C. This complex coexists with two 
distinct gel phases below (G1) or above (G2) ~43 C. These two gel states appear because pure PhyCer has 
a pre-transition and has itself two gel phases, below the pre-transition, and between the pre-transition 
and the main transition temperature (solid diamond and solid triangle, respectively). Below 43C, for very 
high PhyCer fractions (> 90%) a region of G1-G2 is expected on thermodynamic grounds. Above ~60C the 
complex  melts and a region of fluid – gel (G2) coexistence is present until the gel also melts. In this 
diagram, the two complexes are considered immiscible. Complex  and Cer-rich gel phases are, however, 
partially miscible. Complex , by excluding very efficiently both probes, only allows its melting to be 
detected when the system has a composition very close to its stoichiometry, and the system virtually 
corresponds to complex where the probes are then forced to accommodate. This explains the sharp 
maxima observed for this composition in several photophysical parameters. In the region of + 
coexistence, t-PnA possibly accommodates more in defect regions between the domains formed by each 
complex, where the packing and order of the bilayer are weaker and water penetration is deeper. It is 
interesting that DPH anisotropy (Figure 4A) is able to detect the formation of G1 (at 24 °C and 37 °C) and 
G2 (at 65 °C), meaning that these phases although richer in PhyCer than complex  are not so efficient in 
excluding the probe (as reflected in the trend of it fluorescence intensity (Figure 4B). This is further 
evidence of compound or stoichiometric complex formation. 
A previous phase diagram, of the peritectic type, has already been published for the binary system 
PCer-POPC 33 and NCer-POPC21. Some similarities can be found between both phase diagrams. In both 
cases, for ceramide proportions higher than 50%, the complete melting occurs at temperatures close or 
higher than 60 C, which reflects the high membrane order induced by both ceramide species. Moreover, 
both phase diagrams predict several two-phase coexisting regions and the formation of different gel 
phases. The main difference might be, in fact, the formation of complexes for the PhyCer-POPC system. 
Nonetheless, these molecular entities might also be formed for the PCer-POPC system since the 
particularities found by us for PhyCer data around 25 mol % and 65 mol % are observed for PCer and NCer 
mole fractions around 50 mol % as noted by Quinn46. The huge difference in Tm and headgroup structure 
both contribute to a strong non-ideality of Cer-POPC mixtures and leads to large gel-fluid separation where 
the mutual solubility of POPC on Cer-rich gel and Cer on PC-enriched fluid are small. However, for PhyCer, 
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the presence of an additional hydroxyl group (added to a double bond) provides an additional way for 
headgroup-headgroup interactions. This additional hydroxyl group is sufficiently small not to disrupt the 
main interaction between PC molecules. However, through stabilization of acyl chain packing and 
headgroup H-bonding involving the 4-OH group, probably it is possible to stably trap one PhyCer molecule 
between 3 POPC molecules, or conversely 1 POPC molecule between 2 PhyCer molecules. The fact that 
PhyCer itself is not as densely packed (due to the 4-OH) is an essential feature for this kind of behavior to 
take place because, otherwise, a Cer gel excluding most of the POPC would simply occur, a fact known 
from liquid clathrates51. In sum, the possibility of an additional H-bond, i.e., directional interaction may 
account for the stability of the complexes, as recently demonstrated for ionic liquid-benzene mixtures 
where the formation of an inclusion crystal (or liquid clathrate) was reported and the corresponding phase 
diagram shows an anomaly in the trend of the melting curve, which is a consequence of the compound 
formed50. The relevance of hydrogen bonding regarding membrane organization has recently been 
invoked to explain the higher tendency of ceramides to form ordered domains in a POPC matrix as 
compared to diacylglycerols20 and the formation of highly regular supramolecular structures by synthetic 
bolapolyphiles52. Moreover, the higher stability of raft-like domains containing PhyCer instead of Cer28 also 
accounts for the possible ability of PhyCer to form particular molecular entities, which, in turn shall be a 
direct consequence of the extra hydroxylation in position C-4. Other data that might point for the 
hypothesis presented above is the formation of flower-like domains in a Cer (porcine brain)/POPC 
supported lipid bilayer for a Cer proportion as low as 16.6%42. In the present work for such PhyCer 
proportion only round domains were observed, which shows that a higher surface tension exists between 
POPC and ceramide than between POPC and PhyCer. Such results shows that, at low fractions, the ability 
of PhyCer to establish interactions with POPC is higher than that of a sphingosine-based ceramide, and 
that this ability is conferred by the presence of an additional hydroxylation.  
With this work we were able to generate the phase diagram for the POPC:PhyCer binary mixture 
which shows several regions of two phase coexistence and, more importantly, it predicts the formation of 
two distinct stoichiometric complexes. The formation of such compounds could be inferred from the joint 
analysis of the different analytical techniques employed in this work. As the condensed complexes of 
cholesterol and phospholipids or sphingolipids find their biological relevance in a possible facilitation of 
the formation of specialized domains such as lipid rafts43,44, also the complexes described in this work could 
be related with the formation of stable compartments or signaling platforms that are believed to occur in 
vivo46, 53, where changes on hydroxylation levels occur concomitantly with membrane microdomain 




Minimalistic models containing PhyCer might be a first step in the comprehension and in the 
characterization of the main properties of the domains often formed in plant and fungal biomembranes, 
since phytosphingosine is the main sphingoid base found in plants and fungi. The recent discovery of the 
existence of gel domains in yeast11, which are sphingolipid enriched and ergosterol depleted, gives 
strength to the use of PhyCer as a first approach into understanding the dynamics of the biomembranes 
of the living beings comprising these two kingdoms. The phases formed by PhyCer such as the complexes 
with POPC described in this work are probably the most straightforward way of mimicking yeast 
sphingolipid rich gel domains. In this respect, it is of particular relevance the remarkable similarity between 
the steady-state anisotropy and fluorescence lifetimes of t-PnA when labeling POPC/PhyCer complexes in 
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binary mixture (this work) and the plasma membrane in living S. cerevisiae wild type cells11 (at 24 C, ~0.28 
and ~26 ns).  
Several evidence concerning the formation of microdomains with distinct properties from 
mammalian cells that do not fit the lipid raft definition,54 both in plants and fungi, has been reported, and 
recently reviewed9. These include the presence of temporally and spatially stable compartments identified 
by fluorescence microscopy and fractions of immobile proteins during long periods of time that may reach 
hours or even during all the cell cycle9, 55. A certain degree of low mobility of some protein clusters in 
mammalian cells has also been found, and currently the different mechanisms whereby diffusion of 
proteins and lipids may be restricted in cell membranes are considered of high biological relevance56. In 
this work, it was shown that the additional hydroxyl group in the sphingoid base of PhyCer may be a crucial 
structural aspect in order to promote the formation of stable complexes with fluid phospholipids. As 
mentioned above, these complexes exhibit some of the biophysical properties already described for the 
stable gel domains identified in yeast cells and under physiological conditions11,12. Thus it is conceivable 
that the abundance of sphingolipids with PhyCer backbone might be, at least in part, responsible for the 
stability of these gel domains in vivo, rendering them detectable with t-PnA fluorescence. This has, so far, 
not been reported for mammalian cells37, 54. Interactions involving the 4-OH group of phytosphingosine 
would therefore contribute significantly to the different microdomain organization in those organisms, 
not only because they would contain higher abundance/more stable gel domains, but also because these 
gel domains may represent a natural barrier to the mobility and diffusion of membrane proteins (and other 
lipids) and thus they might be an important mechanism for the spatiotemporal stability of membrane 
compartments in yeast and other organisms, and for other biological processes involving membrane 
diffusion barriers. The changes in ordered domain organization and properties with increasing PhyCer 
fractions described in the present work can also provide a basis for the ability of the gel microdomains to 
undergo fast reorganization observed upon depolarizing events in living yeast cells57. 
The present work provides a molecular explanation for the finding of stable gel domains in living 
yeast cells under physiological conditions, since it is found that the sphingoid base hydroxylation gives the 
ability to form different types of highly ordered and rigid stoichiometric complexes that are stable under 





Additional information showing the fluorescence lifetime components of t-PnA and the respective fraction 
of emitted light in MLV with different proportions of POPC and PhyCer and table resuming the information 
retrieved by AFM is presented in supporting information. This material is available free of charge via the 
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Figure S1 – Fluorescence lifetime components of t-PnA (a) and respective fraction of emitted light (b) as 
a function of PhyCer mole fraction. The values were retrieved from the analysis of the experimental 
fluorescence intensity decays of the probe at 24 °C as described under the experimental section. In (a) it 
can be observed that in addition to the longest component, also other components, particularly 
the second longest, has pronounced maxima at 25 and 65 mol% PhyCer corroborating the 
formation of complexes involving also the POPC molecules near these compositions. Regarding 
the fractions of light (b), the trend with pronounced maxima extends to the second shortest 
component, further showing that all the membrane is involved in the formation of a specific 
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Table S1 - Summary of AFM observations for the POPC / Phytoceramide System (supported lipid 
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Figure S3 – Patches formed within gel domains after ethanol addition are in the fluid phase. 
Interaction of ethanol with a bilayer presenting gel/fluid coexistence induces the formation of 
small fluid domains of reduced thickness within the original gel domains. The profile drawn in 
the topographic image (a) clearly shows that these new fluid domains exhibit the same height 
than the fluid phase surrounding the original gel domains. A phase image is also presented (b), 
where the assignment of the fluid and gel phases is possible due to their different material 
properties (namely viscoelasticity). From the phase image is thus possible to identify the patches 










































Building lipid rafts on bare gold 
 
140 














5.1. Biomimetic membrane rafts stably supported on unmodified gold  
Chapter V – Building lipid rafts on bare gold 
 
142 
Biomimetic membrane rafts stably supported on unmodified gold 
 
143 
Chapter V – Building lipid rafts on bare gold 
 
144 
Biomimetic membrane rafts stably supported on unmodified gold 
 
145 
Chapter V – Building lipid rafts on bare gold 
 
146 
Biomimetic membrane rafts stably supported on unmodified gold 
 
147 
Chapter V – Building lipid rafts on bare gold 
 
148 
Biomimetic membrane rafts stably supported on unmodified gold 
 
149 
Chapter V – Building lipid rafts on bare gold 
 
150 
Biomimetic membrane rafts stably supported on unmodified gold 
 
151 


















5.2. Supporting Information  






















































6.1. A Biomimetic Platform to Study the Interactions of Bioelectroactive Molecules with 
Lipid Nanodomains  
Chapter VI – Lipid bilayers on gold to study electroactive molecules 
 
162 
A biomimetic platform to study the interaction of bioelectroactive molecules with lipid nanodomains 
 
163 
Chapter VI – Lipid bilayers on gold to study electroactive molecules 
 
164 
A biomimetic platform to study the interaction of bioelectroactive molecules with lipid nanodomains 
 
165 
Chapter VI – Lipid bilayers on gold to study electroactive molecules 
 
166 
A biomimetic platform to study the interaction of bioelectroactive molecules with lipid nanodomains 
 
167 




A biomimetic platform to study the interaction of bioelectroactive molecules with lipid nanodomains 
 
169 
Chapter VI – Lipid bilayers on gold to study electroactive molecules 
 
170 
A biomimetic platform to study the interaction of bioelectroactive molecules with lipid nanodomains 
 
171 


















6.2. Supporting Information  









































Concluding remarks  
Chapter VII – Concluding remarks 
 
182 




Over the last decade the field of membrane biophysics has met several important 
developments, though the complete picture of membrane properties, organization and function is 
not fully elucidated yet. For instance, the generally accepted concept that biological membranes 
are two-dimensional liquid structures, where lipid rafts (liquid ordered domains) play an important 
role, and no rigid gel domains are present has been reviewed in the last few years in light of the 
discovery of gel domains in eukaryotic organisms under physiological conditions.1 In fact, the topic 
of membrane organization is broadly discussed in the view of the new developments in this field.2-4 
The work developed during this thesis was focused on three main goals – understand how 
sphingolipid backbone may determine different membrane organizations; how both membrane 
composition and lateral organization can modulate its interaction with small molecules; and finally 
the development of a lipid bilayer interface using gold as substrate so that optical and 
electrochemical techniques could be employed for the study of membrane-related phenomena. In 
order to achieve a comprehensive biophysical characterization of the diverse lipid systems 
investigated throughout this thesis, whether free standing bilayers or SLB formed on mica, silicon 
or gold, a wide set of techniques was required – AFM, ellipsometry, cyclic voltammetry, QCM, 
SPR, fluorescence spectroscopy, fluorescence microscopy and X-ray scattering. For example, 
AFM has been employed throughout this work and its use helped to characterize not only the lateral 
organization of SLB, but also real-time changes occurring at the bilayer structure due to the 
interaction with small molecules, and to clearly distinguish between SLB of distinct lipid 
composition. Moreover, it corroborated the formation of planar lipid bilayers undoubtedly different 
from unfused vesicles, lipid tubular structures, or other non-planar lipid arrays, also identified 
throughout this work for certain experimental conditions. 
Another topic explored in the course of this thesis was the influence exerted by the solid 
substrate on the properties of the lipid bilayers prepared. Concerning the preparation of SLB 
composed by the DOPC/DPPC/Chol (2:2:1) ternary mixture it was determined that depending on 
the solid substrate used there is an influence not only on the phase behavior in terms of lo and ld 
area fraction but also the shape of the domains. Regarding the substrates used in this work for the 
preparation of SLB it was found that the lo/ld area fractions of the lipid bilayers formed on mica 
were in good agreement with the ones predicted by its phase diagram. Though, lipid bilayers 
prepared on silicon and gold exhibited a considerable deviation from the expected value. Moreover, 
Au (111) also has a strong impact in the shape of the domains, which appear as triangular and with 
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angular shapes for SLB formed directly on gold, following the topography of Au(111). In 
opposition, SLB formed on mica and silicon exhibit round-shaped domains, as observed for free-
standing bilayers. Other authors have also reported how substrate topology may influence the 
shape, size and fraction of lipid domains.5 The authors hypothesized that due to substrate topology 
cholesterol may be transferred from the SLB to the vesicles present in the medium during the steps 
of vesicle fusion and cooling. This process would lead to a decreased content in cholesterol of the 
SLB in comparison to the vesicles used for their preparation and, thus, to a lower fraction of ordered 
domains. 
SLB on mica were also used to study the POPC/PhyCer binary mixture and, ultimately, to 
help determine the phase diagram for this system. This ceramide is present as the backbone in 
major sphingolipids from organisms belonging to the Plantae and Fungi kingdoms. By the 
combined use of fluorescence spectroscopy, both steady-state and time-resolved AFM, confocal 
fluorescence microscopy and X-ray scattering it was possible to establish the type of phase diagram 
for that binary system which was crucial to then define the several phase coexistence boundaries, 
and their important biological implications. Indeed, the results point to the formation of complexes 
between POPC and PhyCer at two distinct molar proportions: POPC 3 : 1 PhyCer and POPC 1 : 2 
PhyCer. These complexes can be described as individual molecular entities with unique properties 
differing from those of pure POPC or PhyCer phases. PhyCer differs from ceramide by the presence 
of a hydroxyl group at position C-4 of the sphingoid base instead of a trans double bond. The phase 
diagrams already published for ceramide mixed with POPC do no predict the formation of 
complexes6-7, which show how a small structural difference can strongly influence lipid phase 
behavior. In addition, up to date mostly complexes involving cholesterol have been reported for 
lipid systems8-9 and, moreover, in those studies only one complex was found to be formed for the 
whole range of lipid compositions. Interestingly, data presented in this dissertation reveals that the 
biophysical properties of these POPC/PhyCer complexes are quite similar to those of gel domains 
recently found in yeast under physiological conditions1, hence mixtures containing PhyCer or 
PhyCer-derived sphingolipids are a good starting point for the in vitro study of the interaction with 
antifungal drugs of domains that mimic the gel domains identified in Saccharomyces cerevisiae. 
In fact, recent works also report the formation of rigid and time-stable structures in the membranes 
of different organisms3. Such results might, indeed, shed some light about the controversial 
thematic related to the actual role of lipid phase separation in vivo under physiological conditions, 




in the formation of micro/nanodomains, and as biologically relevant diffusion barriers. Undeniably, 
much remains to be enlightened regarding the organization of lipids in both model systems and 
biomembranes. 
Another chief purpose of this thesis was to create a lipid-based platform that could be used 
in the future development of biosensing interfaces or employed in the detection of membrane-
interacting electroactive molecules, as well as to increase our understanding on the structure and 
function of lipid nanodomains, through the use of electrochemistry in parallel with AFM (and other 
surface characterization techniques, such as ellipsometry; total internal reflectance fluorescence is 
also envisaged in a near future).  To that end gold surfaces were used. Since the formation of a SLB 
on gold was not as straightforward as in mica due to its hydrophobicity, the formation of a planar 
and continuous ternary lipid bilayer (exhibiting lo and ld phase coexistence) was firstly essayed on 
bare gold due to its biological relevance. In addition, the presence of such bilayer would be more 
easily ascribed than a single component bilayer due to the presence of lipid domains with ~1 nm 
height difference from the surrounding bilayer. The formation of a planar and continuous lipid 
bilayer was only achieved under specific buffer conditions. In fact, the presence of chloride ions in 
the deposition buffer led to the formation of tubular structures which are a consequence of an 
incomplete fusion of vesicles. A recent report has also explored how the deposition of vesicles on 
oxidized gold is related to their size and buffer conditions10. The authors have found that 
independently of vesicles size and buffer conditions, vesicles adsorb without rupture, although they 
deform. Whether only water or PBS is used, the deformation of the vesicles does not proceed in 
the same manner. In the case of water various levels of deformation were observed, whereas if PBS 
is used vesicles deform more homogeneously becoming almost flat. Although it is not discussed 
by the authors, the roughness of the substrate also plays a preponderant role for the complete 
rupture of vesicles, and this is the reason why Au (111) has been used in the present work. Despite 
AFM images revealed that the lipid bilayers prepared on bare gold seemed to be continuous, cyclic 
voltammetric experiments of the blocking effect exert by the SLB to the K3Fe(CN)6 redox process 
showed that they should present small pores or defects. In order to overcome this limitation 
previous gold modification was employed. 
MUA and Cys were the two SAM studied in this work. While it had already been shown 
that MUA is a suitable surface modification regarding the formation of a SLB on gold, a monolayer 
of Cys was, for the first time, employed for such purpose. Nonetheless, the properties of MUA 
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monolayer did not fit one of the purposes of developing a lipid-based interface on gold, which is 
to take advantage of the conductive nature of gold. Due to its very compact nature MUA hinders 
the electronic transfer between electroactive species in solution and the gold electrode. The SLB 
formed on top of Cys-modified gold were planar, continuous, compact and stable as confirmed by 
AFM and cyclic voltammetry. This arrangement proved to be an efficient interface for conducting 
fundamental studies as in the evaluation and quantification of the interaction of biologically 
relevant small electroactive species with membranes of various compositions. Moreover, this lipid-
based interface might have the potential to be applied in the development of biosensing platforms, 
for example in the detection of enzymatically generated analytes by proteins immobilized in the 
membrane. The field of biosensing is continuously growing with new methodologies and strategies 
being reported constantly. Recently, a biosenssor based on a biomembrane-like film composed of 
didodecyldimethylammoniumbromide has been reported, which was built on an alkanethiol and 
diazonium salt modified glassy carbon electrode11. This interface incorporates gold nanoparticles 
modified with myoglobin with the purpose of hydrogen peroxide detection. This interface has 
proved its electrochemical biosensing ability for the detection of hydrogen peroxide. Gold, enables 
not only electrochemical transduction but also optical a methodology also employed for biosensing 
purposes, especially in the case of immunosensing12-15. In this way, gold is one the most polyvalent 
surfaces since it allows the application of a wide variety of characterization techniques. 
The evaluation of the interaction of small molecules with lipid membranes was another 
chief topic of this thesis. How the interaction of small molecules with lipid membranes processes 
and which type of lipid phases are mainly involved in that mechanism is another relevant thematic 
in the field of biomembranes. The interaction of ethanol with lipid membranes, in this case lipid 
bilayers supported on mica, was followed in real time by AFM, which is, perhaps, the most suitable 
technique to visualize the effects induced by ethanol due to its exceptional lateral and axial 
resolutions. Prior to this work it was already known that the interaction of ethanol with lipid 
bilayers leads to the interdigitation of the lipids’ acyl chains16. The present work helped to unravel 
the effects of ethanol on lipid systems exhibiting phase separation – gel/fluid and ld/lo. It is shown 
that ethanol effects appear to be more dependent on the type of lipid phases present than on lipid 
composition since independent lipid bilayers both displaying lo/ld coexistence, though differing in 
their higher transition temperature lipid (DPPC in one case, PSM in the other), underwent the same 
morphological alterations upon exposure to ethanol, with the ordered and disordered phases 




becoming thinner at the same time, whereas the expansion was only observed for the disordered 
phase. Moreover, for the fluid/gel system a thinning of the bilayer is firstly observed for the fluid 
phase with the thickness reduction in gel occurring only at higher ethanol concentrations. These 
results clearly show that the lateral organization can modulate the interaction of small molecules 
with the membrane, which points to the relevance of using the proper lipid systems when 
conducting this kind of experiments. Additionally, other authors, using lipid mixtures that model 
the membranes of yeast cells, thus employing ergosterol instead of cholesterol, have reported that 
the increase in sterol17-18 or unsaturated phospholipid content makes the membrane more resilient 
to ethanol effects. Therefore, a gel membrane would be more susceptible to ethanol actions than a 
lo/gel and this one less resistant than a lo/ld.  
Noteworthy is the fact that the approach employed – from the simplest single-phase and 
single-component systems to the more complex phase-separating and multicomponent ones19-20 – 
for the study of the effects of ethanol was essential for the understanding of the effects observed in 
the systems of higher complexity. As often expressed during this thesis, one of the main advantages 
of biomimetic model systems is their simplicity, at least when compared with biological 
membranes, especially in living cells or organisms. Hence, only a limited number of components 
should comprise these systems and the complexity should be increased solely if necessary. Usually, 
the best approach is to use models as simple as possible sharing a property of interest with the 
biological counterpart, rather than prepare a very complex mixture that, still, does not match the 
biological system and makes results interpretation more challenging. Nevertheless, regarding the 
heterogeneous and compartmentalized nature of biomembranes21, the use of lipid mixtures is often 
required in order to recreate this heterogeneity.  
The interaction of lipid membranes with electroactive molecules, namely quercetin and 
epinephrine, was also assessed. At first, since the interaction of quercetin with lipid membranes 
was already characterized in literature, this antioxidant was used in order to evaluate the 
performance of the lipid interface developed. Because the results obtained were promising 
regarding the performance of the lipid interface, this platform was used to studied the interaction 
of epinephrine with membranes, which up to date was undisclosed. Liposomes were used in 
fluorescence spectroscopy studies as a first approach to evaluate the interaction, suggesting this to 
be rather weak. Despite the small changes in epinephrine intrinsic fluorescence, membrane-bound 
epinephrine was clearly detected by cyclic voltammetry using the lipid interface developed in the 
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course of this thesis. The possibility of detecting only the adsorbed molecules and to quantitatively 
determine epinephrine surface concentration in the membrane in each lipid system employed, 
allowed estimating a membrane/water partition coefficients for epinephrine, a method that had 
never been employed in membrane-small molecule interaction studies, to the best of our 
knowledge. One of the main achievements of this work was to show the potential of using, when 
possible, both fluorescence spectroscopy and cyclic voltammetry. In fact, the collection of 
techniques used in the characterization of SLB formed on gold throughout this thesis is unusual 
and to the best of my knowledge no reports in the literature mention the use of the same 
combination of techniques. By combining both fluorescence and electrochemical data it was 
possible to conclude that epinephrine anisotropy becomes negative when bound to the membrane, 
most likely, due to a reorientation of its absorption or emission dipole, and estimate its relative 
degree of immobilization in different lipid systems. Likewise, the detection of the low amounts of 
membrane-bound epinephrine highlights the high sensitivity of this platform and motivates 
exploiting its use as a biosensing interface in the near future.  
The results presented in this dissertation have helped to clarify or understand some 
mechanisms associated with membrane lipid organization and function. Notwithstanding, they also 
raise new questions and challenges that should be addressed in the future. For instance, it will be 
important to investigate and determine the phase diagram for the ternary system containing POPC, 
PhyCer and ergosterol, the major sterol found in fungi plasma membrane. This will bring a deeper 
understanding of the plasma membrane of fungi as well as the differences from its mammalian 
counterpart. These in turn can be used for the development of more effective antifungal agents. As 
mentioned above, other authors studied the effects of ethanol on model membranes containing 
ergosterol. In those studies binary and ternary systems containing phospholipids and ergosterol 
have been used. It would be interesting to compare ethanol or other molecules interaction with 
model membranes that more closely resemble fungi (containing both ergosterol and a 
phytosphingosine-based sphingolipid) plasma membrane, and confront them with the results 
described in this thesis in mammalian model systems (ternary mixtures containing cholesterol and 
SM). This is a pertinent question, especially because fungal infections resistant to treatment are an 
emerging public health issue22.  
This thesis also opens new prospects especially in what concerns the use of electrochemical 
or even optical approaches in the study of membrane-related phenomena. It would certainly be 




exciting to employ FRAP in the study of lipid rafts prepared on top of gold surfaces with different 
modifications in order to understand if the lateral diffusion coefficients are similar to those 
determine in free-standing lipid bilayers. The use of TIRF would also be a valuable complement 
since it would allow to determine the biophysical properties of these domains and compare to the 
ones found for liposomes. The lipid-based platform developed presents a high sensitivity and could 
be employed to carry out the studies referred in the above paragraph regarding antifungal agents 
or other molecules whose interaction with the membrane is crucial for their mechanism of action. 
As already mentioned, an interesting outcome of the lipid-based interface developed or a similar 
one, would be its application for biosensing purposes. The market of biosensors is experiencing a 
great expansion and is expected to value 22.68 billion dollars by 2020, which is two times more 
than worthed at 201323. One of the advantages of using a lipid-based interface is that the lipids’ 
head group will inhibited the non-specific adsorption of proteins, which makes this platform 
suitable to use in the optical detection of the antibody-antigen biorecognition event24,25. Besides 
this type of signal transduction this platform can also be employed in the electrochemical detection 
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